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Abstract 
 
This thesis is concerned with the development of efficient concrete recycling technology. Concrete is 
the most used manufactured material on the planet and as a consequence uses more natural resources 
than any other industry. The industry is also responsible for 7% of the world’s carbon dioxide 
production, 50% of that originating from the decarbonisation of limestone. Given the magnitude of 
materials used and the waste produced the recycling of concrete would be a major environmental boon 
and should be made a priority. 
 
The main obstacle to the development and implementation of a concrete recycling process is the 
necessity of separating concrete components, aggregate and cement paste before recycling. Microwave 
heating stands as an ideal candidate due to its capacity to selectively heat different phases in a 
multiphase material, thus producing phase boundary fracture and increasing the liberation of the 
component phases. The effects of microwave heating on concrete samples were investigated with the 
intent of concluding on the possibility of deriving a microwave-based recycling process for concrete. 
The effects were measured using standard macroscopic techniques and found a strong correlation 
between heating, increased porosity and decreased mechanical strength for concrete. In order to better 
understand the changes measured at the macroscopic scale, a dedicated image analysis technique was 
developed using electron microscopy to investigate local microscopic changes in concrete texture. 
 
Local investigation of the changes of heat treated concrete identified the presence of fracture porosity, 
which has significant explanatory power for observed changes in concrete properties most relevant to 
recycling. 
 
Textural analysis of concrete subjected to microwave heating showed the growth of two distinct 
fracture networks throughout the cement paste matrix, whose development is associated with the 
microwave settings. These textural fracture properties correspond directly to the observed changes in 
mechanical properties as well as the observed liberation of aggregate particles. 
 
Textural analysis shows that phase boundary fracture growth occurs rapidly in the early stages of 
microwave treatment and that the absolute value of textural liberation is significantly higher than that 
of physical liberation. This highlights the importance of choosing an appropriate comminution method 
to make efficient use of phase boundary fracture. 
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Moreover, the work established causal relationships between variations in fracture porosity and 
changes in properties of concrete most relevant to recycling, revealing the possibility of designing a 
concrete waste beneficiation process through manipulating concrete texture. 
Since microwave heating was found to be able to manipulate the form taken by the fracture porosity, 
this work concludes that microwave heating of concrete is a promising technology for designing a 
concrete recycling scheme. 
 
Moreover, through demonstration of causal links between textural properties and processing 
performance criteria, this work opens the possibility of an alternative approach for analysing and 
designing comminution process for minerals. 
 
KEYWORDS: Concrete, recycling, microwaves, textural analysis, fracture porosity 
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Résumé 
 
L’objet de cette thèse porte sur le développement de technologies efficaces pour le recyclage du béton. 
 
Le béton est le plus utilisé des matériaux conçus par l’homme, et par voie de conséquence, sa 
fabrication consomme plus de ressources naturelles que n’importe quelle autre industrie. Le béton est 
responsable de 7% des émissions anthropiques de CO2, la moitié provenant de la décarbonatation du 
calcaire. Compte-tenu des quantités de matières utilisées et de déchets produits, le recyclage du béton 
est un enjeu environnemental majeur, et une priorité grandissante. 
 
Le principal défi au développement et à la mise en œuvre d’un procédé de recyclage du béton 
concerne la difficulté à séparer ses constituants, les graviers et la pâte de ciment. Le chauffage 
microonde est un candidat idéal pour parvenir à ce résultat, de par sa capacité à chauffer sélectivement 
les différentes phases d’un matériau multiphasique, induisant ainsi des fractures aux interfaces entre 
phases et conduisant à leur libération. Les effets du chauffage microonde sur le béton ont donc été 
étudiés dans cette thèse avec l’objectif de conclure quant au bien-fondé de développer un procédé de 
recyclage qui intègre les microondes. Les effets ont été mesurés par des analyses classiques d’échelle 
macroscopique qui ont mis en évidence une corrélation significative entre le chauffage, 
l’augmentation de porosité et la diminution des propriétés mécaniques du béton. Pour mieux 
comprendre les changements mesurés à une échelle macroscopique, une technique d’analyse locale 
d’images de la texture du béton, basée sur la microscopie électronique, a été développée. 
 
L’analyse locale des changements induits par le chauffage du béton a révélé la présence d’une porosité 
de fractures, qui a permis d’expliquer les changements observés des propriétés du béton les plus 
pertinentes vis-à-vis du recyclage. 
 
L’analyse de la texture du béton soumis au chauffage par microondes a mis en évidence la formation 
de deux réseaux de fractures dans la pâte de ciment, dont le développement est dicté par les conditions 
du chauffage microonde. Les propriétés texturales de ces réseaux de fractures ont été corrélées 
directement aux variations des propriétés macroscopiques du béton, ainsi qu’à la libération des 
agrégats. 
 
L’analyse texturale a montré que la croissance de la fracture à l’interface entre les agrégats et la pâte 
de ciment survient durant les premiers instants du chauffage, et que la libération des agrégats dans le 
béton, appelée libération texturale, est significativement plus grande que la libération physique 
v 
 
mesurée après fracture du béton par impact. Cette observation a démontré l’importance de choisir un 
mode de fragmentation capable de tirer parti de la fracture sélective des interfaces agrégat-ciment.  
 
De plus, le travail réalise a établi qu’il existe des relations de causalité entre les variations de la 
porosité de fractures présente dans le béton et les propriétés du béton les plus significatives pour son 
recyclage, révélant ainsi la possibilité de concevoir un procédé de valorisation des déchets de béton en 
manipulant la texture du béton. 
 
En établissant que le chauffage microonde permet de modifier la porosité de fractures du béton, ce 
travail conclut que le chauffage du béton par microondes est une technologie prometteuse pour 
concevoir un procédé de recyclage du béton. 
 
Au-delà du seul objectif du recyclage du béton, la démonstration de l’existence de relations de 
causalité entre les propriétés de texture du béton et les critères de performance associés à sa 
fragmentation ouvre des perspectives nouvelles pour analyser et concevoir des procédés de broyage 
des minerais. 
 
MOTS CLES: Béton, recyclage, microondes, analyse de texture, porosité de fractures 
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 INTRODUCTION 
 
The following is an introduction to the subject of concrete recycling, the ultimate research goal to 
which this doctoral thesis seeks to contribute. The introduction focuses on the status of current 
recycling technologies and the value of improving said techniques. The method which will be of key 
consideration in this dissertation will be the use of microwave heating to aid in the separation and thus 
recovery of individual concrete components, specifically cement paste and aggregate. 
 
This thesis was produced under the French Agence Nationale de Recherche (ANR) COFRAGE 
project, financed in the context of the French ANR-ECOTECH 2009 research program. Project 
partners included BRGM, Colas, iMS-Bordeaux and SELFRAG. 
 
The overall conclusions from this collaboration was published as “Assessment of a microwave-
assisted recycling process for the recovery of high-quality aggregates from concrete waste” in the 
International Journal of Mineral Processing volume 126 in 2014 [1.1].  
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1. GENERAL INTRODUCTION 
 
 Concrete manufacturing and uses: significance and impacts 1.1
Concrete’s great advantage over other construction materials is that it can be poured into whatever 
shape is required and thus confer huge savings in terms of labour. The labour savings offered and the 
relative abundance of the raw materials required for manufacture of concrete are such that it has 
become practically universal in the modern world. Concrete is the most used manufactured product on 
the planet so it comes as no surprise that more natural resources are consumed for the production of 
concrete than for any other product [1.2]. The cement and concrete industry is also responsible for 7% 
of world carbon dioxide emissions [1.2], approximately 50% of this is the chemical by product of 
decarbonation [1.3]. The high levels of carbon dioxide emitted by the concrete industry make it a key 
contributor to anthropogenic global warming and climate change.  
 
Collecting raw aggregate presents a significant environmental problem in the energy costs of mining 
and transport and in how it changes the landscape. Aggregate is 60% crushed rock and 40% sand and 
gravel (United Kingdom [1.5]). The latter is mostly dredged from rivers, which can change the course 
of those rivers and the collection of the former can remove entire hills. In France environmental 
regulations greatly restrict the extraction of aggregate materials, particularly from rivers. This has 
made the collection of the preferred alluvial or even suitable aggregates, which have already been 
mined extensively even more difficult. 
 
 Concrete waste beneficiation: stakes and challenges 1.2
The production of concrete poses an environmental hazard, both to surface ecosystems and in the form 
of carbon dioxide emissions. The efficient recycling of concrete is an appealing goal. While concrete 
is already being recycled in a number of ways, most of these methods could make use of materials 
other than concrete that have much less embodied energy. This “downcyling” could rightly be 
considered a waste of energy and contributing to the existent environmental hazards of concrete use 
and production. The use of concrete waste as recycled concrete aggregate can reduce carbon dioxide 
emissions by over 20% [1.6] which, if applied universally would decrease global emissions by ~1.5%. 
 
Of all the concrete that is recycled the greatest portion of it is used for road base, for which it is 
superior to natural aggregates [1.4]. For new concrete structures requiring standard performance levels 
the use of recycled aggregate as a substitute for natural aggregates is generally accepted to be limited 
to 20-30% of total aggregate volume [1.7], though some applications can see as much as 60% of their 
aggregates replaced with recycled concrete and still achieve their performance requirements [1.5]. The 
1. Introduction 3 
 
actual use of recycled concrete as an aggregate substitute is much lower. Most countries in Europe 
replace less than 20% of their concrete aggregates with recycled aggregates (Figure 1.1). 
 
 
Figure 1.1. Percentage of total aggregate used to make concrete composed of recycled aggregate 
showing less than 20% of concrete aggregate in most European countries is of recycled origin 
Source: Cement sustainability initiative [1.4] 
 
Going beyond the proscribed limit of ~30% recycled aggregate produces a significant decrease in 
mechanical strength [1.8]. This effect has been blamed on the effects of cured cement paste in contact 
with fresh cement during curing, particularly at the interface of the old cement paste with the new. 
 
Although thought impossible or at least uneconomical by many, hydrated cement has been “re-
clinkered” [1.9] to have properties equivalent to those of cement made with raw cement clinker. Like 
aggregate, the higher the level of purity the more efficiently cement can be recycled. As cement 
production is the greatest expense in terms of energy and emissions in concrete production an efficient 
technique for recycling cement paste waste would be of considerable global benefit. When compared 
to clinker production from carbonates recycling cement paste offers potential savings in lower process 
temperatures and less problematic emissions; primarily water rather than carbon dioxide. There is also 
the potential that recycled paste will present a lower initial mass but this will be concrete dependant 
and, in the author’s opinion relatively insignificant compared to the difference in process temperature. 
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It is estimated that 510 million tonnes of construction and demolition waste is produced every year in 
Europe [1.4]. However the data describing the quantities of recycled material in the European Union is 
incomplete. Of the 27 current members of the European Union detailed information is only available 
for approximately 12. Of these only 7 recycle more than 70% of their construction and demolition 
waste [1.10] (Figure 1.2). Even so what material is recycled is downcycled, a large portion as backfill 
for which it could be substituted with almost any nonhazardous waste. The current state of concrete 
recycling in most countries does not appear to approach the current state of technology, let alone the 
potential savings in energy or emissions discussed above. Concrete recycling is deserving of further 
consideration. 
 
 
Figure 1.2. Percentage of total construction and demolition waste recycled the low levels of recycling 
performed in most countries implies high levels of waste 
Source: European Environment Agency [1.11] 
 
With the potential advantages of concrete recycling in mind the effects of heat induced drying on 
concrete were investigated. Of particular interest were the effects of rapid heating using microwaves 
and its potential use in the separation of cured cement paste from aggregate particles. 
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 STATE OF THE ART AND TERMS OF REFERENCE 
 
As such an important material to modern civilisation in terms of volume used, diversity of application 
and associated environmental issues the efficient recycling of concrete is a priority. The essential step 
for creating an efficient concrete recycling process is finding an effective method to separate the 
cement and aggregate phases.  
 
Microwave heating has been identified as an effective treatment technology for separating phases in 
multi-phase materials. The heterogeneous nature of a composite such as concrete combined with its 
susceptibility to drying make it highly susceptible to heat treatment, but its low thermal conductivity 
means conventional heating will be slow. Microwave heating not only bypasses the limiting factor of 
thermal conductivity but low thermal conductivity can increase microwave induced thermal stress. 
The amount of thermal stress experienced by a heterogeneous material when heated with microwaves 
is increased if the material has low thermal conductivity as it limits the redistribution of thermal 
energy, thereby maintaining the thermal gradient. 
 
Although microwave processing has already been applied to concrete in research and other specialised 
applications it has not yet been implemented in a processing capacity. This chapter describes how the 
existing body of knowledge regarding concrete and microwave heating show the utility of the latter in 
the recycling of the former. 
 
The following chapter is a review of the current state of knowledge relevant to understanding the 
mechanisms underlying microwave treatment of concrete. It describes the key features of concrete that 
make it a suitable material for microwave thermal treatment and how variations in these properties can 
be expected to change the results of thermal treatment. It also introduces electromagnetic radiation and 
its technological applications, in particular the aforementioned microwave heating. 
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2.  STATE OF THE ART 
Due to its importance to modern civilisation and its complexity concrete continues to be the subject of 
research and ongoing development by material scientists and engineers. 
 
One particular area of interest in concrete science is how the material responds to elevated 
temperatures.  
 Concrete is a construction material. Construction material’s reaction to elevated temperatures 
is required to determine fire resistance and can be used to determine how to increase that 
resistance. 
 Concrete deteriorates mechanically at elevated temperatures and due to drying. These 
mechanisms could be used to treat concrete waste. Any process that can lead to the efficient 
recycling of concrete waste can greatly reduce the energy use and carbon dioxide emissions of 
the concrete industry which is one of the largest emitters of greenhouse gasses [2.1]. 
 
In terms of heat treatment microwaves offer several advantages over more conventional systems, for 
example those based on burning gas or that utilise electrical resistivity. Microwaves can heat materials 
faster and are less affected by the thickness of the material being heated [2.2]. For the separation of 
cement and aggregate from concrete waste and the thermal comminution of other multi-phase 
materials although speed is still a factor, the biggest advantage of microwave technology over 
conventional heating technology is that heating is volumetric, that is heat comes from inside rather 
than outside the sample allowing microwaves to heat selectively, to target particular material 
components. 
 The nature of concrete 2.1
Concrete is a man-made composite of rock, sand, cement paste and various additives (see Figure 2.1). 
The sand and rock are commonly referred to as aggregate and differentiated by the terms coarse and 
fine due to their size. Concrete is semi-brittle, porous and vulnerable to leaching and chemical attack 
from sulphates and acids among others [2.3]. It is also extremely versatile, largely because it can be 
poured prior to curing and has a high specific compressive strength after curing. Concrete is used in all 
manner of construction from personal homes to roads to nuclear reactors. 
 
The defining feature of a composite is heterogeneity (see Table 2.1). Composites provide an 
interesting challenge to the material scientist as composite materials can exhibit properties that can not 
be achieved by, or provide cheaper alternatives to pure materials by blending the properties of their 
components. By definition this blending creates heterogeneity which can be a weakness, especially at 
the interface of the components. If the destruction of a composite or the separation of a composite’s 
components is desired then these weaknesses and heterogeneities provide a point of minimum energy 
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and therefore provide an opportunity to save energy. Those seeking to maximise the efficiency of their 
comminution systems like those looking to recycle concrete will exploit this point. 
 
 
Figure 2.1. Cross section of low porosity concrete 
 
 
Table 2.1. Properties of concrete and components 
Property Cement Aggregate Concrete 
Density (kg m-3) 1290-2160 [2.4] 2300-2800 
[2.4] 
2240-2400 
[2.5] 
Stiffness (GPa) 3-30 [2.3] [2.6] 60-120 [2.3] 14-41 [2.5] 
Compressive strength (MPa) 21 [2.5] 60-140 [2.5] 20-40 [2.5] 
Tensile strength (MPa) 2.8-3.5 [2.5] 3.5-5.5 [2.5] 2-5 [2.5] 
Thermal Conductivity (W m-1 K-1) 0.29-1.73 [2.5] 0.15-7 [2.5] 0.42-1.7 
[2.5] 
Coefficient of thermal expansion (10-6 °C-1) 18-20 [2.7]  6-12 [2.7] 7.4-13 [2.7] 
Specific heat capacity (kJ kg-1 K-1) 1.55-1.6 [2.6] 0.74-0.92 [2.6] 0.75 [2.5] 
Source: Mehta & Monteiro 2001; Odelson et al.; engineeringtoolbox.com; FHWA; Tomas et al 1999 
[2.3] [2.5] [2.6] [2.7] [2.4]  
 
 
The utility of concrete is due to the controlled hydration reaction of cement clinker. This chemical 
reaction is what makes a pourable paste become solid concrete.  
 
 
Porosity 
Aggregate 
Cement 
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2.1.1 Cement 
The word cement can be used to refer either to cement paste, the hydrated matrix that binds concrete 
or cement clinker, the unhydrated predecessor to cement paste. For this work, unless otherwise noted 
cement is used to refer to hydrated cement paste. 
 
Cement is the most important component, or phase in concrete. Cement is the binding matrix that 
holds all the components of concrete together and therefore is ultimately responsible for the strength 
of the material. Water absorbs ~20 times more microwave energy than silicate and ~10 times more 
than calcite at room temperature [2.8] so the hydrated cement phase is also assumed to be the phase in 
which the largest fraction of heating occurs when concrete is exposed to microwaves. 
 
2.1.1.1 Mineral phases and microstructure 
The largest fraction of cement is composed of calcium silicon hydrate (CSH) (see Table 2.2). The 
principal intermolecular forces in concrete are Van der Waals forces. CSH has a high specific surface 
area, significantly higher than the other cement phases and is therefore the key cement phase for 
concrete strength [2.9]. Cement and CSH in particular exhibit a fractal structure (Figure 2.2). This is 
the origin of its high specific surface area. The fractal nature of CSH contributes to the large degree of 
variation in the size of porosity in cement based materials. This also makes the properties of concrete 
dependent on the scale at which it is being observed (Figure 2.3). Although some consider CSH to 
have a lamellar structure [2.10] there is evidence to suggest that this is dependent on the level of 
hydration and calcification of the material under investigation [2.11] and that it can also take a fibrous 
structure. The identification of two CSH phases, with two densities and stiffness [2.12] is widely 
accepted. However this could merely be another attribute of its fractal nature as this observation could 
also be explained by agglomeration of the same particle with different packing densities [2.11]. This 
then poses the question of why CSH is seen to exhibit just these two packing densities and whether 
some process could be used to favour one over the other or even if it could be made to assemble in a 
different manner altogether however this is outside the scope of this work. What is important is that 
the properties of cement are heterogeneous and scale dependant (Figure 2.4).  
 
The ultimate compressive strength of the concrete does not need to be overcome for concrete 
comminution. Changing CSH packing behaviour at the micro scale can affect the macroscopic 
behaviour of the concrete; increasing the packing factor from 0.65 to 0.75 increases stiffness from 20 
to 30 GPa [2.11]. The other phases of cement are only really important during curing and at elevated 
temperatures when they begin to breakdown. A list of the most common and important phases can be 
seen in Table 2.3.  
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Figure 2.2. Fractal illustration of CSH gel, showing how an agglomeration (white) of globules can 
repeat to form a structure with a lower packing density than the agglomeration alone and that this 
repetition creates a range of pore sizes. 
Modified from source: Jennings et al 2007 [2.11] 
 
 
Figure 2.3. Schematic of concrete illustrating complexity and scale with (a) Schematic description of 
concrete structure and (b) volumetric proportions of concrete components 
Source: Ichikawa & England 2004 [2.13] 
 
The properties of cement can be altered by the use of various additives but what is often considered 
the most important characteristic in determining cement properties is porosity. Porosity is controlled 
largely by the initial water to cement ratio (w/c) and can be reduced using best practice preparation 
techniques but also by using specific additives, like fly ash. Super dense concretes make use of fine 
silica fume [2.14]. The porosity and therefore density will determine the concrete strength and 
toughness but also influence long term performance due to changes in permeability and leaching 
characteristics. For more information on porosity see section 2.1.3.3. 
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Figure 2.4. Schematic illustrating the heterogeneity in the cement phase of concrete near aggregate 
particles. Hexagonal CH diameter approximately 1 μm 
Source: Mehta and Monteiro 2001 [2.3] 
 
Table 2.2. Volumetric composition of typical cement  
Phase Name Chemical constituents Volume ratio 
(%) 
Density 
(g/cm3) 
CSH CSH gel xCaO.ySiO2.zH20 33.4 2.18 
CH Calcium hydroxide 
or portlandite 
Ca(OH)2, CaO and complexes 13.2 2.24 
Afm Calcium 
aluminoferrite 
hydrate 
(Ca2(Al,Fe)(OH)6).X.xH2O 12.7 2.01 
Aft Calcium 
aluminoferrite 
hydrate  
(Ca3(Al,Fe)(OH)6.12H2O)2.X3.xH2O 6.2 1.73 
FeHP Calco-alumino-
ferrite 
xCaO.yFe2O3.zSiO2 1.8 3.10 
MgHP Magno-alumino-
ferrite 
(Mg6Fe2(OH)16)(CO3)(H2O)4 1.7 2.00 
Source: Nawy 2008 [2.1] 
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Table 2.3. The morphologies of principal hydrated Portland cement phases 
Main components Chemical composition Morphologies 
C-S-H gel CaO-SiO2.nH20 
outer product gel Prominent at early stages of 
hydration, more open, 
structured and porous 
morphologies;  
 Type 1: fibrous, up to 
2μm in length, <0.2μm 
across 
 Type 2: honeycomb or 
reticular structure 
inner product gel Prominent in older pastes 
 Type III: more 
massive and appears to 
consist of tightly 
packed equant grains 
up to 300nm across 
 Type IV: still more 
featureless and 
massive 
Calcium hydroxide 
(portlandite) 
Ca(OH)2 
Ideal conditions: hexagonal crystal (0001) with 
good cleavage; 
In cement paste: layer structure, massive and of 
indeterminate shape 
Calcium aluminoferrite 
hydrate (AFm) 
(Ca2(Al,Fe)(OH)6)2. 
X.nH20 
Thin hexagonal platelets 
Calcium aluminoferrite 
hydrate (AFt - ettringite) 
(Ca3(Al,Fe)(OH)6)2. 
12H20)2.X3.nH20 
Ettingite is the most important AFt phase: 
prismatic or acicular, slender needles 
Calcium sulfate hydrate 
(gypsum) 
CaSO4.nH20 
Tablets or prisms 
X represents one formula unit of a doubly charged, or two formula units of a singly charged anion, 
such as SO42, CO3 2-, OH-… 
Source: Yang, 2006 [2.10] 
 
2.1.2 Aggregate 
The largest fraction of concrete is composed of aggregate, 60% by mass and 75% by volume on 
average. Aggregate is a blanket term used to describe a mixture of rock and sand particles which 
exhibit great variations in size, shape, strength, porosity and composition depending on the location, 
purpose and quality of the concrete. Common examples include limestone, granite and for lower grade 
mixtures, old concrete. The aggregate in concrete can be divided into categories by size; gravel 
between 2 and 64 mm, sand between 0.0625mm and 2mm and split gravel in between. Another 
common grading system separates aggregate into coarse and fine; particles smaller than 4mm are 
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classified as fine and those above 6mm are coarse [2.15]. Both sand and gravel are usually silicates. In 
concrete production, aggregates were once considered as merely an inexpensive material to fill out the 
more expensive cement but its role in strength and curing is now recognised as significant.  
 
Taken separately aggregates are usually stronger and stiffer than cement paste. In most well graded 
and strongly bound concretes the larger fraction of a load will be taken by the aggregate rather than the 
cement. In addition cement phases will form in different ratios on the aggregate surface from the 
cement bulk [2.3]. 
 
Most aggregate used in concrete manufacture is sourced naturally. An example of artificial aggregate 
is blast furnace slag. In this work aggregate only refers to natural aggregate, as this was the only type 
used during testing. 
 
The properties of aggregate vary significantly. River alluvial exhibits a significantly different profile 
to crushed material, due to the effects of weathering. The mineralogy of aggregates is usually 
dependant on what rock can be sourced locally but rock mineralogy does have an effect on the 
strength of concrete. Both the strength of the aggregate and the porosity of the aggregate, which 
influences the bond strength between aggregate and cement, will affect the final strength of the 
concrete [2.3].  
 
The susceptibility of rock and mineral ores to microwave heating varies widely. Aggregate could be 
chosen on the basis of dielectric properties so as to facilitate the reclamation of said aggregate once the 
structure in question has been decommissioned. Choosing concrete aggregate for use in roads based on 
dielectric properties has already been suggested for use in climates prone to heavy frost [2.16]. This 
would allow microwave equipped de-icing trucks to more rapidly remove ice from roads. A similar 
idea could be used to facilitate concrete recycling. However, while the use of aggregates with high 
microwave absorption in the manufacture of easily recycled concrete is an interesting idea it is one 
that obviously can not be used to recycle existing concrete waste. 
 
2.1.3 Concrete components and their consequences for processing 
Concrete is a composite material. Simply put having rock as a major component makes it cheap and 
strong and having cement as a principal component means it can be formed into practically any shape 
with ease. This makes the choice of concrete as a construction material almost universal. The 
heterogeneity also has consequences.  Mechanical stress, dielectric heating, thermal expansion and 
chemical attack are all unevenly distributed through the material. Composites are often weakest at 
phase interfaces. Concrete has the additional issue that cement shrinks when it dries. 
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2.1.3.1 The interfacial transition zone (ITZ) 
Some have described the interfacial transition zone (ITZ) as the third phase of concrete, after 
aggregate and cement paste. This is due to both the differences between the ITZ and the bulk of the 
cement phase as well at its importance to concrete properties. The ITZ exists in a region surrounding 
aggregate particles at least 10μm thick [2.17] (Figure 2.5).  
 
The ITZ forms during cement curing due to the wall effect. Because of the presence of a barrier in the 
form of the surface of an aggregate particle, cement particle packing is disrupted [2.17]. This leads to 
an increase in local w/c near aggregate surfaces and therefore the porosity in this region is elevated 
[2.3][2.18][2.19]. An increase in porosity is also a decrease in strength. 
 
 
Figure 2.5. Concrete cross section showing what is considered the limits of the ITZ, 20-50μm. Note the 
lower gray level in the cement from the surface of the large aggregate particle to 20μm away 
indicating elevated levels of porosity. 
Source: Scrivener 2004 [2.17] 
 
Due to the nature of intermolecular forces in cement based materials one might hypothesise that larger, 
more angular aggregate would increase concrete strength as increasing the surface area of the 
aggregate should increase the Van der Waal bond strength between cement paste and aggregate. 
However highly angular aggregate increases the discontinuity at the cement/ aggregate interface 
[2.20], therefore increasing porosity in the ITZ [2.21] and angular aggregate also produces stress 
concentrators and crack initiation sites [2.22]. Larger aggregate particles also increase water bleed-out, 
where a film of water will form on the aggregate particle surface, and thus create larger pockets of 
weak, oriented CH crystals and porosity in the ITZ. As the ITZ connects the stronger aggregate to the 
weaker cement and its strength is usually lower than both, the strength of the ITZ is very much a 
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limiting factor in the strength of concrete, a weak ITZ makes a weak concrete [2.3]. For these reasons 
when producing high performance concretes the maximum aggregate size and the fraction of coarse 
aggregate in the concrete mix is limited. A concrete made with more angular aggregates may be more 
easily recycled because of this interfacial weakness but the corresponding drop in mechanical strength 
would limit the application of such a concrete. 
 
It may be true that this increase in porosity only exists initially and as the cement cures and ages the 
pores in the ITZ will progressively close [2.23]. The local high water content in the paste near 
aggregate surfaces promotes the growth of CH [2.24][2.17] which is significantly weaker than the 
dominant CSH phase and thus the interface of cement paste and aggregate is a point of weakness even 
without elevated local porosity. Interestingly the coverage of aggregate particles by calcium hydroxide 
is not universal. As the extremes in materials influence mechanical properties more than the average 
properties [2.3] one could imagine that concrete might be a much less useful building material if 
particles were completely coated by the CH phase. For those trying to deconstruct concrete this 
weakness and discontinuity of phases presents an opportunity. Thermal deformations have been noted 
to occur first in the CH phase [2.25] and a weakness at the phase interface means any failure under 
stress will tend to occur at this interface and thus promote phase liberation. 
 
2.1.3.2 Water 
Cement is a hydrated molecule so it is logical that water content in concrete changes its properties. 
Significantly for concrete recycling it affects both strength [2.14] and dielectric properties. Before 
tests in this work began water was assumed to be the most significant factor in the dielectric properties 
of cement and concrete. Water in concrete takes many different forms. The different forms of water in 
concrete are described as; free water, adsorbed water, physically bound and chemically bound [2.9] 
water. Free water is present in large pores and exhibits an insignificant interaction with the cement 
host material. Adsorbed water is found on the surface of solid material, including pore surfaces and is 
held by strong inter-molecular forces. Chemically bound water is present as part of a hydrated 
molecule and can not be removed by evaporation processes. Physically bound water is also part of the 
complex hydrated molecule but can still be removed by evaporation. An alternative way to consider 
the differences between these water types is the size of the pore in which they are found (Figure 2.3 
and Figure 2.6). These different forms of water behave differently under the influence of microwaves 
[2.2]. 
 
The level of hydration of concrete has an important and direct effect on its mechanical performance. 
This is true not just of the current level of hydration but also cement’s hydration history as a large 
fraction of drying deformation is irreversible [2.3]. Of greatest importance is how the concrete was 
cured, both how dry it became and how quickly that drying occurred. Cement shrinks over time as it 
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dries both during and after curing. As cement dries and shrinks the pore network will change. If drying 
is severe enough some parts of the pore network will collapse completely [2.3]. This shrinkage is a 
major issue as it is restrained. Both the aggregate in the concrete and whatever the concrete member is 
attached to will restrict this shrinkage. Indeed, the inevitable result is a series of fractures in the 
concrete reducing its strength. Once again this is an opportunity for those seeking to break concrete 
back into its components. Sufficient drying will cause stresses that will be concentrated at the 
component’s interface because it is the point of restraint and a point of weakness.  
 
 
Figure 2.6. Schematic showing complex structure of calcium silicate hydrates and the different types 
and sizes of porosity that form because of this 
Source: Allen et al, 2007 [2.9] 
 
2.1.3.3 Porosity 
Cement and therefore concrete are porous materials. The properties of all materials are affected by 
their porosity but this is especially true of cement based materials. Its total value has already been 
linked to the initial w/c ratio and local value to the proximity and size of aggregate particles. Its total 
value can also be changed with specific admixtures, called air-entrainment admixtures and can also be 
affected by the quantity of cement [2.3]. Presumably this is because even if the w/c ratio is high, if the 
ratio of the a/c ratio is high enough the aggregate will absorb a large enough proportion of the water so 
that the effective w/c ratio is much lower. 
 
Cement porosity exists in four approximate size classes. Their existence and differences are related to 
the multi scale fractal nature of concrete (see Figure 2.3). These are gel pores (0.5-10nm), entrained air 
(spherical pores 50nm-1.25μm in diameter), capillary pores (10nm-10μm) and larger pores which form 
during mixing, pouring or some other handling step. These could be called compaction pores [2.26]. 
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The link between concrete porosity, its strength [2.14] and resistance to leaching [2.27] is well 
established as is the fact of pore network changes with drying and elevated temperatures [2.28][2.29]. 
Interestingly when a concrete is exposed to elevated temperatures the changes in porosity and strength 
are not well correlated [2.30] [2.31] in stark contrast to comparisons of different concretes, with 
different porosities at room temperature. Kumar and Bhattacharjee [2.32] attempted to create a 
formula to relate the porosity of concrete to strength that included the temperature, acid, age, cement 
content and aggregate of the material. While the result fit the data presented quite well one might 
question the value of a formula that uses four different constants to define the chemical history of a 
sample. The consequences of different chemical histories are largely understood and often overlap. 
Temperature and age both change the composition of cement phases for example. Acids will dissolve 
different amounts of different phases depending on among other things the quantity and strength of the 
acid [2.33], but this will result in changes to the pore volume and cement composition. 
 
How the pore network changes at elevated temperatures is addressed in more detail in Chapter 3 as 
what can be said about porosity changes is linked to the measurement technique used and how well 
suited it is to the characterisation of cement based materials. An increase in porosity can also lead to 
an increase in drying rate. As concrete strength has already been linked to hydration and porosity this 
provides a secondary mechanism by which porosity can affect concrete strength.  
 
Concrete pores are discontinuous; permeability is limited by the connecting nanopores which means 
the transport mechanism is limited to migration of wall adsorbed molecules [2.27]. This explains why 
concrete is observed to continue drying months after it has cured [2.34] [2.35]. 
 
The porosity of concrete is also important for microwave heating and this is largely due to water. 
Water is present in pores so the volume of pores will determine the maximum quantity of water 
present. The size of pores will affect how quickly the water evaporates which will in turn also have an 
effect on the quantity of water present which will in turn affect the rate of microwave absorption [2.2]. 
Also surface effects, which are related to porosity, must be considered (see section 2.2.2). Smaller 
pores will have higher specific surface areas, meaning greater surface effects, meaning greater 
microwave heating. While water is present in hydrated molecules the water in pores will evaporate 
first. Small pores slow evaporation which slows the fall in rate of microwave absorption due to 
evaporation. Therefore cement with small pores could be expected to heat faster under microwave 
exposure than similar cement with the same total pore volume but a higher average pore diameter due 
to increased surface effects and a slower evaporation rate leading to increased heating at high 
temperatures. 
 
Suffice to say that porosity affects concrete strength but this is a complex relationship, especially when 
considering changes to the same material with thermal treatment. Porosity affects mechanical 
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properties both directly and indirectly. As the relationship between porosity and mechanical treatment 
is not the same when resulting from different causes, acid or age for example, it could be assumed that 
the location, specifically the proximity to aggregate particles as well as pore size and total pore 
volume are important for properties of cement based materials. This is of particular interest to those 
concerned with concrete recycling as the production of one type of porosity over another may lead to 
different energy efficiencies in systems using heat treatment.  
 
2.1.3.4 The temperature dependence of concrete and cement microstructure 
Concrete’s mechanical performance is linked to its level of hydration. Heating, which will evaporate 
water, can be very detrimental to concrete mechanical performance. Beyond dehydration and 
volumetric changes heating concrete also leads to changes in chemistry and mineralogy. From a 
number of references and up to 800°C these changes are: 
 
 30-300°C decomposition of CSH gel structure [2.36] 
 30-120°C evaporation of free water and physically adsorbed water  [2.36] 
 60-70°C dehydration of ettringite begins [2.37][2.38] 
 80°C dehydration of gypsum begins [2.37] 
 100°C bound water loss begins [2.39][2.40]  
 105°C capillary porosity increased by 50% [2.41] 
 200°C increase in CSH content [2.42]  
 200-300°C aggregate is in compression, cement in tension, crack formation [2.39] 
 200-750°C progressive lowering of CSH crystallinity to ~C2S [2.40] and CSH dehydration  
[2.36] 
 300°C microcracks appear around Ca(OH)2 phase [2.25] Cracks form at aggregate perimeter 
[2.38] decrease in Ca(OH)2 [2.28] 
 400°C max difference in differential thermal expansion of cement phases, microcracks appear 
around unhydrated cement grains [2.28] portlandite disassociation begins [2.38] apparent 
density starts to increase [2.42] 
 450°C calcite formation complete [2.40]  
 535°C peak decomposition of Ca(OH)2 [2.39] 
 573°C crystal structure of siliceous quartz changes, causing sudden volume change [2.43] 
 600°C content of CSH decreases[2.42] Ca(OH)2 decomposition complete [2.38] [2.44] 
decomposition of CaCO3 begins [2.44] [2.45] 
 750°C portlandite and calcite converted to lime [2.40]  
 800°C decomposition of CaCO3 ends [2.44] 
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An important note is that cooling, not just heating can have a significant effect on concrete. Mehta and 
Monteiro [2.3] found that up to 300°C concrete is stronger after it has cooled back to room 
temperature but above 400°C the concrete is stronger while still hot. In addition to the thermal strain 
of cooling after being raised to a high temperature, once concrete has cooled the reabsorption of water 
and corresponding regrowth of portlandite [2.38] will extend the fractures and further weaken the 
material by as much as 30% [2.46].  
 
A large fraction of the knowledge related to the susceptibility of cement based materials to elevated 
temperature comes from research into the fire resistance of concrete structures. These have shown that 
spalling is not limited to microwave heating but is a function of heating rate, hydration and pore 
diameter [2.47]. Spalling is when large fragments are removed from the surface due to the explosive 
expansion of water vapour within the material [2.48]. They have shown that up to 500°C, concrete 
heated rapidly with microwaves is weaker than concrete heated slowly with more conventional heating 
methods [2.39]. It has also been shown that the approximate temperature history of a concrete member 
can be tracked by discolouration. Concrete will turn red due to the oxidation of iron hydroxides 
between 300 and 600°C. It will turn a white-grey from 600 to 900°C due to the disintegration of 
calcareous components. If exposed to higher temperatures, 900 to 1000°C it will turn a tan, beige or 
brown colour referred to as buff [2.38].  
 
Interestingly while temperatures as low as 60°C can damage concrete [2.37] this strength loss is 
largely reversible if the temperatures did not exceed 300°C [2.39], though each heating and cooling 
cycle will increase the amount of irreversible damage [2.47] [2.3]. 
 
As concrete is weakened by heating to elevated temperatures and by allowing it to cool and leaving it 
to rest so decomposed phases can regrow, it is an ideal candidate for thermal treatment. 
 
 The nature of microwaves and microwave heating 2.2
The link between microwaves and heating is one so universally understood that it is easy to forget that 
microwaves are just one part of the electromagnetic spectrum. The electromagnetic spectrum is the 
entire range of electromagnetic radiation. It is divided into classes, largely by how each class reacts 
with matter which is a function of the frequency and wavelength of the wave. In decreasing order of 
energy the electromagnetic waves described in Figure 2.7 are classified as gamma rays, X rays, 
ultraviolet, visible light, infra- red, micro waves and radio waves. 
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Figure 2.7. Electromagnetic Spectrum showing the relative energy and frequency of microwaves 
compared to other electromagnetic radiation and their dominant interaction mechanisms with 
matter 
Source: Stuerga, 2008 [2.49] 
 
Electromagnetic radiation describes the propagation of electric and magnetic field oscillations through 
space. These fields are perpendicular to each other and to the direction of propagation [2.50] (Figure 
2.8). 
 
When considering electromagnetic fields relative to any kind of man-made emitter, they can be 
classified as near field or far field. The transition from one to the other is not clearly defined but the 
far field is considered to be the region greater than two wavelengths from the source. The near field 
describes the region close to the source where the relationship between electric and magnetic fields is 
complex and both fields need to be measured for a full characterisation [2.51]. Far field is considered 
more often because it is easier to describe theoretically, requiring only the electric or magnetic field, 
but also because it describes a much larger region and thus has many more applications. 
 
Microwaves have been identified as suitable for the embrittlement of mineral ores [2.52] and concrete 
[2.53] due to the capacity of microwave technology to rapidly increase the temperature inside a 
material. 
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Figure 2.8. Propagating transverse electromagnetic field showing perpendicular relationship of 
direction of travel, electric and magnetic fields 
Source: Johansson & Lundgren [2.54] 
 
2.2.1 Microwaves  
Electromagnetic radiation that has a wavelength between the infrared and radio waves is called 
microwaves. The actual numerical boundaries are not well defined but the approximate ranges of 
wavelength (λ), frequency (f) and photon energy (Ep) are [2.55]; 
mmm 11    
GHzfMHz 300300   
meVEeV p 2.12.1   
(1) 
 
Microwaves are not the only electromagnetic frequency used for heating. The frequency range that is 
the most similar to microwaves in terms of heating mechanics is the radio frequency range. They are 
differentiated by the hardware required. When electromagnetic waves are used for heating and lend 
themselves to traditional closed circuits (<100MHz) they are described as radio waves. When the 
frequency requires the use of waveguides (>500MHz) they are described as microwaves [2.56].  
 
The study of electromagnetic waves is fundamentally the study of the interaction between photons and 
electrons [2.57]. When photons and matter interact the photons are refracted, reflected or undergo 
scattering (also called transmission, reflection and absorption). At a larger scale, when an 
electromagnetic wave reaches a phase boundary a fraction will be reflected and the rest refracted or 
absorbed. The fraction of reflected, refracted, elastically scattered and inelastically scattered photons is 
described by the dielectric properties of a material; however dielectric properties are not defined in 
those terms. 
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As the wave passes through a medium some photons will be scattered. Scattering can be elastic or 
inelastic. If the scattering is elastic the photon changes direction but maintains the same frequency. If 
scattering is inelastic the reflected photon will have a lower frequency, wavelength and therefore 
energy [2.57]. The difference in the energy of the photon before and after the scattering event is 
absorbed into the material. 
 
Depending on the new frequency of the photon after collision it may be possible for it to experience 
another scattering event, once again losing energy to the material. It is also possible the photon will 
gain energy but this is a much rarer phenomenon. 
 
By this process an electromagnetic wave will lose energy as it travels through a material so that the 
surface will be subjected to more microwave energy than the core. This process is described as 
attenuation. The most common way to quantitatively describe attenuation is the penetration depth, or 
the distance through a particular medium that radiation travels before its power is reduced to its 
original value divided by Euler’s number (~0.37 times the incident value). Penetration depth (Dp) is 
related to the dielectric properties (see Table 2.4) and the incident wavelength [2.2]: 
"2
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With no externally applied field the equilibrium state in a material is determined by a mixture of 
thermal agitation and charge balancing. The introduction of an electric field adds a new force that 
polarises the dipoles, or multi-poles present in a material (Figure 2.9) [2.58]. When these fields 
alternate, that is to say that the direction and magnitude of the force generated by these fields varies 
with respect to time at any one point and with position at any one instant, these forces also alternate. 
This leads to movement of molecules, which in turn is resisted by intermolecular forces. This 
“friction” generates heat [2.59], raising the temperature of the material. 
 
 
Figure 2.9. Illustation of dipole polarization by comparing molecules under no applied electric field, 
left and molecules under a constant electric field, right 
Modified from source: Stuerga 2008 [2.49] 
 
Direction of applied 
electric field 
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The most efficient frequency for heating is material dependant but the electromagnetic frequencies 
most efficient at producing heat in materials are usually in the microwave range.  
 
Assuming a capacitor between semi-infinite conducting plates, the amount of heat generated inside a 
material (P) measured in W/m3 is proportional to the intensity (E) and frequency (f) of the applied 
electric field as well as the loss factor of the material (ε") and the permittivity of free space (ε0): 
2
0 " EfP   (3) 
 
If one wanted to determine the change of temperature (T) including the effects of attenuation it would 
require the material volume (V), density (ρ), specific heat capacity (Cp) and include how the effective 
loss factor and electric field change with distance from the incident surface (x) and temperature: 
dt
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It should be noted that loss factor is also a frequency dependant property (see Figure 2.10) and as 
concrete heats it will lose water by evaporation which will also change the rate of microwave 
absorption [2.60]. As so many factors that contribute to the heating rate of material under microwave 
exposure are temperature dependant microwave heating is difficult to model  
 
 
Figure 2.10. Dielectric constant for polycrystalline Al2O3 illustrating the temperature and frequency 
dependence of dielectric properties 
Source: Chen and Hunter 2004 [2.61] 
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These relationships are derived from the Maxwell equations and are well established [2.56]. These 
equations are included as an illustration of the relationship between heat, electric field and materials. 
Such equations are almost always simplified before they are used in any predictive capacity so are 
rarely displayed like equation (4). This is pure dielectric heating, occasionally described as 
polarisation effects and does not take into account conduction, localisation or magnetic effects. All 
these effects can be ignored for non-conducting materials at low temperature. If a conducting material 
is introduced or the material becomes hot enough, as conductivity of semi-conductors increases with 
temperature, then conductivity becomes significant and the magnetic field strength (H) and magnetic 
permittivity (μ") can no longer be ignored [2.62]; 
  dVHEkP   22 ""2
1
  (5) 
 
In some microwave applications small amounts of iron or carbon are used to introduce a magnetic (in 
terms of heating effects) component and thus increase the heating rate at low temperatures. The 
heating rate at low temperatures is usually increased so as to more rapidly reach temperatures at which 
the electrical conductivity of the heated material becomes significant enough to contribute magnetic 
heating effects. 
 
The molecules of liquids exist in closer proximity and experience stronger intermolecular forces than 
gases and more molecular freedom than solids. The combination of free movement and strong 
molecular interaction or “friction” leads to a rapid generation of heat in liquids under microwave 
exposure [2.63], generally more rapid than either solids or gases; water has a loss factor over 104 times 
greater than air at 0°C [2.64][2.62]. 
 
The heat generated by the dielectric and conduction effects of microwaves can be increased at phase 
boundaries due to interfacial phenomena. These effects are related to material properties and both the 
frequency and power of the electric field the material is exposed to. 
 
Although there are a number of ways to generate microwaves this is beyond the scope of this work. 
Magnetrons are the most commonly used microwave generators and so have been used here. There are 
also a number of different waveguides and cavities to which microwave generators are attached. 
Although multi-mode cavities are the most common, single-mode cavities produce the greatest field 
densities.  
 
As one of the goals of this work is to verify the reaction of cement based materials to microwaves the 
higher the power of the machine used the easier this step will be. In addition, as the ultimate goal of 
this project is an industrial process whose implementation will be dependent on the efficiency it can 
achieve and the efficiency of microwave comminution systems has been linked to power density 
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[2.65] a single mode cavity is considered ideal. In such cavities great field densities are achieved by 
ensuring incident and reflected waves are complimentary [2.66] , hence the name single mode. 
 
2.2.2 Microwaves and solid matter 
Radio waves and microwaves interact with matter in a similar way. Which wavelength generates the 
stronger reaction is dependent on the material, described by their dielectric properties. In the 
generalised case the use of radio-wave heating over microwave heating is a compromise; radio 
frequency waves penetrate deeper but microwave systems can achieve higher flux densities, meaning a 
greater fraction of energy is absorbed in a smaller volume and thus heat faster. In addition microwave 
systems are more easily controlled [2.2]. 
 
As molecules at a material surface have less nearby molecules with which to interact (Figure 2.11) 
there is a charge disparity at that surface. Because the charges at the surface are unbalanced they react 
more strongly to the application of an electromagnetic field. This surface effect is known as the 
ponderomotive force [2.67] and has a corresponding effect on local heating rates due to microwaves. 
 
 
Figure 2.11. Illustration of the variation in intermolecular forces between surface and bulk molecules. 
Fewer nearest neighbours creates unbalanced charged at the surface 
 
Localisation effects often build on each other. The heating of ice with microwaves illustrates this 
effect well. Some ice will change phase, melt to water, before the rest. The heating in the area of the 
first melted ice will rapidly increase as water has a much stronger interaction with microwaves than 
ice. If a material’s dielectric properties have a constant positive relationship with temperature this can 
cause an extremely rapid rise in temperature. This is known as a thermal runaway. 
 
Due to the wave nature of microwave energy the effect of the field can become localised. Microwave 
ovens create standing waves. Matter located in an anti-node will heat quickly, matter in a node will 
not. To evenly distribute the heating effect a sample in a multi-mode cavity will be moved cyclically 
through the field, like in most domestic microwave ovens. Alternatively a spinning metal reflector can 
be used to perturb the field. In a single mode cavity the sample is placed deliberately within the anti-
node of the standing wave so as to maximise the rate of heating. 
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In simple terms the interaction between microwaves and matter is the behaviour of charged particles in 
an electromagnetic field. A variation in charge exists in every material, if the scale chosen is small 
enough. The dipoles of water molecules, the alternating charges of atoms in ionic substances and the 
induced dipoles in noble gases are all examples of electric charges and thus subject to forces induced 
by an electromagnetic field. The result of this motion, at the macro scale, is an increase in temperature. 
That heat forms as molecules move opposed by some sort of friction force is widely accepted but the 
exact mechanism, especially the nature of such motion in solids is more controversial 
[2.2][2.68][2.69][2.59][2.59][2.59][2.58]. 
 
The most important and rather simple point for this work is that the temperature of a material will 
increase when exposed to microwaves. This effect is exaggerated by surface effects which exist at 
phase boundaries in composite materials. Dielectric properties describe the behaviour of a material 
when exposed to electric and magnetic fields, summarised in Table 2.4.  
 
Table 2.4. Dielectric properties and other relevant properties 
Property Symbol Units Definition 
Permittivity ε' Farads per metre 
(F m-1) 
Ratio of electric field strength to electric 
displacement. Resistance to flow of 
electric charge. How far the dipole will 
move. Degree of possible polarisation. 
Storage of electrical energy 
Permeability μ' Henrys per metre 
(H m-1) 
Ratio of magnetic flux density in a 
material to external magnetic field 
strength. Countering or strengthening of 
applied magnetic field 
Loss factor ε'' Farads per metre  
(F m-1) 
Amount of charge dissipated rather than 
absorbed. Generation of heat energy. The 
complex (i) part of complex permittivity 
Conductivity k Siemens (S or Ω-1) Inverse of resistance 
Electric Field E Volts per metre 
(V m-1) 
Force exerted on charged particle relative 
to charge strength. 
Loss angle δ Radians The difference between the electric field 
orientation and molecule orientation. 
Time lag in polarisation. 
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All dielectric properties are temperature and frequency dependant (Figure 2.12). Conductivity is 
unaffected by frequency and electric field is unaffected by temperature but these are not dielectric 
properties. 
 
 
Figure 2.12. Illustration of the frequency dependence of loss factor and permittivity  
Source: Metaxas & Meredith 1988 [2.2] 
 
Loss factor, loss angle, and permittivity are related; 
)tan('"    (6) 
 
Microwaves promote ionic diffusion. The electric field applies a force to the ion so it moves and 
diffuses through the material. In solids this effect is strongly enhanced by material defects and can 
increase significantly with temperature.  
 
Conductive heating occurs under the influence of microwaves as any induced ionic movement will 
encounter a resistance. The classic example of a substance highly susceptible to such effects is a salt 
solution; a 0.1M salt solution exhibits a loss factor 1200 times that of pure water at the same 
temperature [2.62], but ionic conduction losses are also important in solids such as silicates [2.70]. As 
concrete, cement and aggregate are largely composed of silicates this suggests both that concrete is a 
suitable material for microwave treatment and that water may not be all-important. The defects in 
concrete, porosity should also enhance the heating effects of this ionic movement. 
 
Although the change in dielectric properties when ice melts to water or the danger of arcing when 
water becomes vapour is reasonably well documented [2.56] changes in solid crystal structure tend to 
be ignored in theories of microwave heating. However phase changes can have a significant effect on 
the dielectric properties and volume of the material leading to thermal runaway and physical damage.  
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2.2.3 Microwaves and multiphase materials 
When under mechanical stress composites behave differently than homogeneous materials and the 
same can be said about composites and homogenous materials exposed to microwaves. This is not 
simply limited to different dielectric properties leading to uneven heating, which will be maintained or 
not as determined by their conductivity, but also interfacial effects. 
2.2.3.1 Interactions 
Conventional heating is limited by thermal conductivity. Microwave heating is dependent on dielectric 
properties but when considering a composite material where each component has different dielectric 
and thermal properties and therefore experiences different heating rates, the rate that heat is conducted 
from one phase to another is related to conductivity so it is still a relevant factor. A low thermal 
conductivity will limit the redistribution of heat energy, maintain a steep thermal gradient and 
therefore the associated development and distribution of stresses within the material. 
 
The application of an electromagnetic field induces the movement of ions. As one phase of a 
composite will be more conductive than the other the discontinuities at phase boundaries often present 
barriers to this ionic movement and thus there is a build-up of charge at these phase boundaries. This 
build-up of charge increases the local reactivity of the material to microwaves. The increase in charge 
increases the ohmic resistance and therefore the force generated by an electric field on the charged 
particles, making heating more rapid in these regions.  This interfacial heating, also called Maxwell-
Wagner polarisation or the D.C conduction effect, occurs in all heterogeneous materials and can 
contribute approximately 10% of the heating effect in the system [2.2].  
 
Microwave heating is enhanced at phase boundaries due to the build-up of displaced charges and the 
discontinuity of material properties, much like microwave heating effects seen at material surfaces. 
This will often mean that the maximum power density (a function of the field and material, charge) 
will occur at the phase boundary and therefore the maximum thermal expansion, thermal stress and 
crack formation will also occur at the phase boundary. If one of the components is microwave 
transparent this will maximise these surface/ interface effects.  
 
The surface and differential effects experienced by composite materials make them ideal for 
microwave processing.  
 
2.2.3.2 Microwave based processing and thermal comminution 
The use of thermal stresses induced by microwave heating in mineral processing has been considered 
for some time to increase mineral yield and reduce the energy required for grinding [2.71] [2.72] 
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[2.73]. Numerical simulation of microwave heating of ores suggest that increases in mineral yield and 
decreases in ore strength are due to the tendency of microwave induced fracture growth to occur at the 
interface of different minerals and perpendicular to those interfaces [2.65].  
 
 
Figure 2.13. Numerical simulation of crack growth in mineral ore composed of dielectric embedded in 
non-dielectric matrix exposed to high power microwaves showing fracture growth at phase interfaces 
and connecting embedded particles 
Source: Ali 2010 [2.65] 
 
Ignoring chemical changes, heating can weaken any material. Assuming that heating is not performed 
under equilibrium conditions, conventional external heating will generate a thermal gradient within the 
material with the peak at the surface. All along a thermal gradient there are thermal stresses due to 
differential thermal expansion, compressive in the hot regions and tensile in the cool. Once the thermal 
stresses exceed the local strength of the material cracks will start to form. Cracks formed this way will 
decrease the strength and stiffness of a material.  
 
Quenching is rapid heating but performed in reverse. A hot material can be rapidly cooled, for 
example by dousing with water, to generate thermal stress. In this case the temperature gradient and 
therefore the thermal stresses will be like those for conventional heating but reversed, the surface will 
be cool and the core hot. Although the term quenching is also used in metal working and both concern 
rapid cooling the goals in each case are different and the two should not be confused. 
 
For microwave heating of homogeneous material, although the surface experiences the strongest 
electromagnetic fields due to attenuation it is also exposed and thus will experience the greatest loss of 
heat due to conduction. This means under normal circumstances, when heating a homogenous material 
with microwaves the hottest point of an object subjected to microwave heating will form just below 
the surface (Figure 2.14). The region around the hot spot will have the steepest thermal gradient so 
will experience the greatest thermal stresses [2.74] [2.75]. 
 
In the case of both heating and cooling the greater the rate of change of temperature, the steeper the 
thermal gradient and the greater the magnitude of the stresses.  
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Figure 2.14. Simulated horizontal power density map, 50mm sphere showing hot spot below the 
samples surface 
Source: Al-Harasheh et al, 2006 [2.76] 
 
In a microwave cavity the rate of change of temperature is proportional to the specific heat of the 
material and if a dielectric microwave absorption. If a material is heterogeneous than the rate of 
change of temperature of different phases will also be related to the thermal conductivity of adjacent 
phases. Microwave thermal comminution is reliant on the differences in the dielectric and thermal 
properties of phases in a composite material. These differences generate thermal gradients that cause 
shear stresses at the interface of different components that when high enough lead to fracture [2.77].  It 
is this interface fracture that is most desired in both mineral processing and concrete recycling as it 
leads to increases in yield. 
 
2.2.4 Microwaves and concrete 
As concrete is a composite with one phase that shrinks when dried concrete is especially susceptible to 
microwave processing.  
 
2.2.4.1 Interactions 
Although aggregate can influence dielectric properties they are composed mostly of silicates which are 
relatively transparent to microwaves [2.78]. Cement paste is also largely silicates. Water is a strong 
dielectric due to its extreme dipole and the dielectric constant and dielectric loss of concrete increases 
quadratically with water content [2.79]. By extension a key factor in dielectric behaviour of concrete is 
the initial water/ cement ratio [2.80] as it determines the porosity and therefore influences water 
content. As concrete is heated water begins to evaporate. This can be expected to reduce the loss factor 
and therefore heating rate of the concrete [2.27]. 
 
hottest
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Water that is a part of a complex compound, like those found in concrete, has no set reaction to 
microwaves [2.2]. At 2.45GHz, the highest allowed industrial frequency [2.67], bound forms of water 
are the dominant reactive species and their behaviour is complex and variable. This can include not 
just the boundary layer of adsorbed material but the second or third layer as well [2.81]. Free water 
also reacts appreciably at this frequency (Figure 2.15). 
 
Concrete has shown a strong reaction to microwaves [2.53] but the severity of this reaction decreases 
with the age of the concrete. The water in concrete continues to form hydrates or evaporates as it ages, 
reducing the amount of water present to absorb microwaves. This explains why new concrete will heat 
much faster than old [2.82]. 
 
Figure 2.15. Losses in heterogeneous materials containing water without (a) and with (b) interfaces 
illustrating the different frequencies at which different types of water have the highest dielectric loss 
Source: de Loor, 1983 [2.81] 
 
Concrete can be made more susceptible to microwaves by the addition of lossy material. If the 
concrete has not been made with sufficiently dielectric aggregate water can be added. Once 
decommissioned concrete waste can be stored in a humid atmosphere or soaked in water [2.83] to 
augment the concrete’s dielectric properties. 
 
As porosity is so strongly linked to strength, concrete porosity presents an opportunity to increase the 
strength of concrete. By filling the pores the strength of concrete can be increased by many hundreds 
of percent [2.14] which would mean much less material would be required for support members which 
would reduce consumption. If this filler material was susceptible to microwave heating; an epoxy 
filled with powdered iron or carbon for example, this would vastly increase the heating rate under 
microwave exposure, the thermal stresses and therefore the recyclability of the material. Of course the 
reduction in concrete consumption and increase in ease of recyclability would need to be balanced 
against the cost of the filler material. 
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Concrete is highly susceptible to microwave heating. It was proposed for the separation of concrete 
components more than three decades ago for laboratory applications [2.82]. Although the decrease in 
strength and increase in aggregate liberation after crushing were relatively modest at this early stage it 
did lay the ground work for more ambitious applications.  
 
High powered, near field microwave systems, appropriately applied can be used to progressively 
remove layers of concrete from  a larger structure by causing the concrete to spall [2.48]. Such a 
system (Figure 2.16) can remove material up to a depth of several centimetres from the surface of a 
concrete in seconds. This presents the possibility of not only a microwave pre-treatment in a recycling 
process but possibly even microwave based demolition of concrete structures, a technique that 
combines demolition and component separation into a single step. This of course would be a serious 
technical challenge but it once again illustrates the potential of microwave technology for use in 
concrete processing. 
 
 
Figure 2.16. Diagram of a near field wave applicator for creating controlled spalling in concrete 
Source: White et al, 1997 [2.84] 
 
2.2.4.2 Relevance to concrete recycling 
It is possible to extract high-grade aggregates for reuse from old concrete. Using purely physical 
processes it is possible to achieve a liberation grade where over 95% of fragments are 0-50% hardened 
cement paste [2.85]. However these techniques use a lot of energy (kinetic energy of the impacts 
amount to 16.8kJ/kg). Due to the quality of recycled aggregates made with such techniques the use of 
recycled aggregate is limited. 
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A detailed investigation of the effects of recycled aggregate on concrete performance [2.15] found that 
coarse aggregate can be replaced by up to 60% recycled material and fines could contain as much as 
30% recycled material without significant losses in performance. Such mixtures are not suitable to 
high performance applications and can have increased susceptibility to chloride attack but are 
adequate for the vast majority of concrete applications [2.86] [2.87]. The variation of concrete 
performance with recycled aggregate fraction is illustrated in Figure 2.17. If it is desired to increase 
the use of recycled material or use recycled material in higher performance applications a more 
efficient and effective method of separation for aggregate and cement is required. 
 
Figure 2.17. Diagram illustrating the loss of compressive strength in seven day old concrete when 
different fractions of aggregate are replaced with recycled concrete aggregates 
Source: Soutsos et al, 2010 [2.15] 
 
Concrete has been shown to suffer severe damage under microwave heating [2.48]. A process that 
weakens concrete, especially one that selectively weakens the cement paste phase or ITZ could be 
used in combination with comminution to create a mixture of aggregate and cement fragments. 
Separation by density or size would then be a relatively simple operation. The pure cement and pure 
aggregate can then be re-inserted into the concrete production process greatly reducing the use of 
energy and natural resources and the volume of material that ends up in landfill. 
 
Microwave heating has already been shown to increase aggregate liberation [2.82] so stands as a prime 
candidate for use in a concrete recycling process. As it is a composite heating will generate a thermal 
gradient between components that will be exaggerated by microwave surface effects. These thermal 
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gradients will generate shear stresses that will be increased further when the water in the cement starts 
to evaporate and the cement shrinks. Once the magnitude of stresses reaches a sufficient level fractures 
will form between the aggregate and cement that will increase the liberation of each phase once the 
concrete undergoes comminution. In addition the amount of energy required for comminution will be 
greatly decreased as the cement paste experiences fracture growth, increased porosity and breakdown 
of phases at elevated temperatures.  
 
Due to the complex relationship between cement and temperature the question of microwave treatment 
of concrete for recycling becomes multi-layered.  
 Which phases are desired? The decomposition temperature of the desired phase will determine 
the upper temperature limit for treatment. In this case silica experiences a phase change at 
573°C [2.43]. The associated volumetric changes could lead to significant fracture of the 
aggregate phase. Crack formation is observed to start in cement ~200°C [2.39]. These 
temperatures will form the initial upper and lower bounds for thermal treatment. 
 Are there any post-treatment steps requiring elevated temperatures? Cement reactivation can 
make use of elevated temperatures [2.88]. In either case certain treatment temperatures should 
be avoided as heating can lead to strengthening of the concrete, as is sometimes seen between 
300°C and 400° [2.3]. The extra heat energy would be a waste in this case and the increased 
heating a cooling cycle would reduce process flow rates.  
 Can the sample be weakened further with quenching? If the heat from initial treatment is not 
needed or can not be efficiently recovered, additional thermal stress can be applied to the 
sample by quenching. The simplest option would be to use water. If quenching were used an 
additional process step would be required to remove the water from the cement. The economy 
of this step will be related to the treatment temperature, the separation method and how long 
the heat treated sample will be left after having cooled. Cement can rehydrate after drying. 
This promotes portlandite formation which extends existing cracks and further weakens the 
concrete. The increased quantity of water present after quenching will likely increase this 
effect. This requires a treatment temperature of at least 200°C. Heating to at least 300°C and a 
resting period of at least 7 days post treatment will maximise the effect [2.46]. However the 
long processing time necessary for portlandite regrowth may make it uneconomical. 
 
Recycling need not be limited to re-use in concrete production. Although cement can be recycled into 
concrete with properties equal to that made of raw material [2.89], if this was not possible for 
economic reasons or if paste can not be treated to achieve the same pozzolanic activity after repeated 
cycles it could still be used to partially replace of cement [2.90]. If recycled material can not be used 
in concrete production it would be possible to imagine other uses for the material. For example as it is 
alkaline, sufficient quantities of powdered cement paste could be used to help counter soil 
acidification. If the aggregate material is too degraded for construction purposes it could be used to 
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replace the sand eroded from coastlines. It is possible that material will degrade with repeated 
recycling so alternative uses for recycled material may become important in the future. 
 
These questions are on top of standard process optimisations questions of energy input required 
compared to the increase in aggregate liberation but combined with concrete’s known susceptibility to 
heating they outline the vast potential for heat treatment, particularly with microwaves, of concrete for 
recycling purposes. 
 
 Terms of reference for this work 2.3
The ultimate objective of the overall research effort towards which this work contributes is the design 
of an efficient method for separating waste concrete into its original constituents, so that they can be 
re-inserted into the production of cement and concrete.  
 
Before this method can be implemented the following three questions must be answered: 
 To what extent can the constituents be liberated? 
 Once liberated how easily can the constituents be separated so that they can be reused? 
 How much energy is required to achieve this? 
 
The answer to the final question is the overall energy required to comminute concrete waste. This 
occurs at the macro scale and is related to the technologies used in the recycling process including 
pretreatment, grinding and sorting. At the microscopic scale of the material itself this is determined by 
the mass specific energy associated with liberation and fragmentation. Work with mineral ores has 
shown that microwave heating reduces mechanical strength, reducing the energy required for 
comminution while increasing mineral yield and change in net energy use can be economically 
favourable [2.77]. The similarities shared by concrete and complex ore textures suggests that 
microwave heating of concrete should induce damage and increase component yield in a similar 
fashion. Due to the close proximity of concrete waste to their point of use and that both aggregate and 
cement have recycling potential it could be argued that microwave technology has even more potential 
in concrete recycling than mineral processing. The final question can not be disassociated from the 
first two as the value of microwave heating as a means to recycling concrete is, in the end a balance 
between the net energy consumption of the recycling process and the quality and extent of liberation 
that is achieved by the process. 
 
Separation of constituents after microwave heating and fragmentation is an important issue, yet it is of 
a technological nature. The ease of separation of the constituents provided the microwave heating and 
fragmentation process yields acceptable liberation, will be determined by what combination of 
microwave heating and fragmentation technique is used to produce them. Separation of constituents 
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will not be investigated in this work but separation can not be ignored when designing such a process 
so will be considered in observations of the effects of microwave heating on concrete properties and 
comminution product size distribution. 
 
Therefore this work sought to quantify the extent to which mechanical strength and mass specific 
fracture energy of concrete are affected by exposure to microwaves, focusing on causal relationships 
between concrete properties that are associated with measurable changes in the texture of concrete. 
This contributed to answering the first question and thus allows speculation on the other two. 
 
A systemic approach should eventually be considered to quantify the value of microwave based 
concrete recycling, but such an analysis is of a technological nature. The present work is limited to 
quantifying the extent of liberation that can be achieved by microwave heating. The work first 
explored the issue of liberation on a macroscopic level, which couples microwave heating and impact 
fracture of concrete. The work then investigated the liberation process at the micro scale, by looking 
into the texture of microwave heated concrete and relating measured physical liberation to changes in 
texture. Liberation of aggregate was the main driver from a resource preservation standpoint but there 
are also economic and environmental implications, particularly if the liberation of cement paste is also 
considered. 
 
In summary, following confirmation of the potential of microwave heating for recycling the 
constituents of concrete at the macro scale, this work aims to make a contribution to unraveling the 
effects induced by microwave heating in concrete at the micro scale. This contribution will rely upon 
development and application of dedicated experimental techniques. Eventually, the work will seek to 
bridge changes in concrete textural properties due to microwave heating with variations in 
macroscopic properties of concrete, as these variations apply to recycling and may serve to develop 
efficient recycling technology for concrete waste. 
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 MATERIALS AND METHODS 
 
Concrete is a complex material that requires the use of a number of different techniques to gain a 
complete picture of the changes it undergoes during heat treatment. While such trusted macroscopic 
techniques as thermo gravimetric analysis and mercury intrusion porosimetry can give indications of 
whether changes have occurred in concrete their capacity to explain the embrittlement mechanisms are 
limited. 
 
As microwave embrittlement is at least partly based on the development of thermal gradients between 
components, the relative position of those components are important in understanding the 
embrittlement mechanism. An electron microscopy image analysis technique was developed to 
describe the growth of fractures through the cement paste of concrete when it is heated. This technique 
has the advantage of not requiring any treatment of the concrete sample under consideration and is 
capable of measuring both the large fractures that grow around and between aggregates and the 
smaller fractures in between in terms of size, volume and connectivity. 
 
These changes in textural properties created changes in the mechanical properties of the concrete. The 
mechanical properties are measured under impact which has the advantage of being able to measure 
strength, toughness and stiffness simultaneously. In addition, due to the shape of the samples and their 
extended contact area with the impact load cell an alternative method of measuring the stiffness 
becomes possible, one that does not rely on an assumed momentum balance or precise characterisation 
of the apparatus. 
 
The following chapter describes the concrete samples, how they were made and the different heat 
treatments that were used on them. This is followed by the tests used to measure those changes, the 
advantages to using those tests and the equipment used. 
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3. MATERIALS AND METHODS 
 
Concrete is a complex material, so to understand the changes that occur within the material when it is 
heated requires a combination of techniques. Two in particular are worth discussing in greater detail; 
single particle impact tests and microstructure characterization by electron microscope (SEM) image 
analysis. These two techniques were the principal techniques used for characterising the concrete 
samples and both were performed in slightly unconventional ways.  
 
The unconventional SEM image analysis technique simultaneously overcame limitations inherent to 
the material and allowed the rapid differentiation of similar objects. The single particle fracture 
technique provided a fracture mechanism, important for other tests and an alternative method for 
measuring embrittlement independent of instrument calibration, in addition to the measurements 
usually provided by such an apparatus. 
 
 Concrete sample preparation 3.1
The concrete used in this work came from two different sources. The first set were as part of the ANR-
COFRAGE project and were made using CEM I 52.5 Portland cement with a water to cement ratio 
(w/c) of 0.6 and an aggregate to cement ratio (a/c) of 0.72 (Figure 3.1). The total fractions of water, 
aggregate and cement were 0.23, 0.15 and 0.62 respectively. This closely resembled the aggregate 
fraction of 0.6 that was found later using acid dissolution. These samples were cast in 100mm thick 
slabs and were allowed to cure for 28 days. Slabs were cut into rods with a 10mm square cross section. 
Rods were stored for seven months before being cut into blocks approximately 10mm in each 
dimension. The aggregate used was natural siliceous 2-2.5 mm in size. As the blocks were cut from a 
slab the aggregate no longer fit this size category during testing. 
 
 
Figure 3.1. Cubic concrete samples from ANR-COFRAGE 
 
The second set of concrete samples on which most of this work is based were made using CEM II/B-
LL 32.5N Portland cement. This was noted incorrectly in one article [3.1]. Samples were mixed by 
hand using five different ratios (Table 3.1) with the same 2–2.5 mm siliceous aggregate that was used 
in the first sample set. Samples were cast in cylinders 20mm in both length and diameter, which after 
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curing weighed approximately 11 g each. After setting in the mould for 24 hours they were removed 
and allowed to cure in water at room temperature for a minimum of 90 days.  
 
Table 3.1. Concrete mixture properties 
Concrete w/c a/c 
S1 0.4 0.6 
S2 0.4 0.85 
S3 0.4 1.6 
S4 0.5 1.6 
S5 0.6 1.6 
 
This second set of samples was made on site. This made it possible to create a series of samples with 
varying mix ratios while maintaining a high degree of control over sample properties. It also made it 
possible to create samples that could most take advantage of the equipment available. The size of 
concrete samples that could be tested was limited by the size of the sample cavity in the microwave 
test apparatus which had an internal cavity of 27mm. This in turn limited the size of aggregate 
particles that could be used in the concrete.  
 
Concrete testing standards prescribe a minimum sample diameter relative to the maximum aggregate 
size. Neither the Kansas nor Texas transport authorities will accept tests performed on samples whose 
diameter is less than three times larger than the maximum aggregate size in the sample [3.2][3.3]. If 
this minimum ratio is not achieved then concrete samples can not be considered to behave as single 
material and any mechanical tests performed on such particles can not be considered equivalent to the 
behaviour of large concrete sections. The concrete samples created for this work were made with a 
diameter over four times the size of the largest aggregate particles so they can be considered 
sufficiently large and therefore homogenous for mechanical testing.  
 
When pouring concrete slabs it is usually recommended that the concrete is vibrated to remove air 
pockets, increasing the density and strength of the slab. The second cylindrical sample set was not 
vibrated. It was feared this would lead to settling of aggregate particles creating heterogeneous 
material and thus invalidating the results of any tests performed on said samples. Instead once the 
concrete was carefully poured into the mould the top was flattened and the samples were left to cure. 
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Samples S1-S5 were tested in groups of twelve cylinders. Sets of twelve were chosen so ten could be 
used in mechanical tests, one could be reserved for mercury intrusion porosimetry (MIP) and one 
could be used for SEM image analysis. Samples that were to be inspected with SEM needed to be cut 
to expose a cross-section (Figure 3.2), approximately a third of each such sample was removed (see 
section 3.3.2),. The saw used to cut the concrete samples was a MT-4 water-lubricated, diamond 
blade, trim saw from MTI Corporation (Figure 3.3). All samples were weighed before and after 
treatment. 
 
   
Figure 3.2. Cross section of untreated concrete S1, S3 and S5 
 
Examples of a disassembled concrete mould can be seen in Figure 3.4 and the sample preparation 
protocol is schematised in Figure 3.5.  
 
Figure 3.3. MT-4 diamond blade saw 
 
 
Figure3.4. Disassembled mould 
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Figure 3.5. Experimental protocol from sample preparation to product characterisation 
 
 
20mm Casting 24 hours 
Curing 90 days 
Diamond saw cutting 
Hopkinson bar impact testing 
for fracture property 
characterisation 
Thermogravimetric 
analysis (TGA), 
Mercury intrusion 
porosimetry (MIP) 
and X-ray 
Screening for fragment size 
distribution measurement 
SEM imaging for texture 
characterisation  
Microwave or conventional 
heating 
Microwave or conventional 
heating 
Acid dissolution for aggregate 
liberation quantification 
Concrete mix 
preparation 
X-ray tomography for 
verification of SEM 
results by qualitative 
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 Thermal treatment 3.2
Concrete is sensitive to the effects of elevated temperatures, particularly due to drying (See Chapter 
2). This identifies the potential of thermal treatment as a beneficiation technique for concrete waste. 
This is especially true of microwave heating as it is not limited by concrete’s low thermal conductivity 
and will cause additional thermal stresses beyond those caused by conventional external heating.  
 
3.2.1 Microwave heating 
The microwave system used for all microwave treatments is a 2kW, 2.45 GHz single mode microwave 
cavity from Sairem. The properties of the microwave system are summarised in Table 3.2 and the 
main features are shown in Figure 3.6.  
 
 
Figure 3.6. Single mode cavity capable of producing 2.45 GHz microwaves at power up to 2 kW 
 
Table 3.2. Microwave system properties 
Frequency (MHz) 2450 ± 25 
Power output (W) 2000 ± <0.1% 
Power usage (W) 1700   
Wave guide WR340 (86 x 43 mm inside. 6.35mm thick walls) 
Wave ripple <0.3% RMS 
Cooling Water cooled 
Waveguide Rectangular, transverse electric 
 
The isolator in this system absorbs and measures reflected power in real time. This prevents damage to 
the magnetron and allows the optimisation of the positions of the short circuit and impedance matcher 
for energy absorption as well as measures the amount of energy absorbed by a sample. 
Isolator Impedance 
adapter 
Sample cavity Short circuit piston 
Microwave magnetron head 
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Figure 3.7 shows a typical microwave absorption curve of a concrete cylinder. Although the intensity 
of the initial peak varied between the different concretes tested they all followed this shape. This 
absorption curve appears to show three distinct phases. There is an initial increase in absorption for 
approximately the first five seconds. This peak then drops to an approximate plateau 10-15 seconds 
after the treatment begins. The rate of absorption then remains relatively constant for the next 30-40 
seconds before there is a sudden peak in the rate of absorption. As there appeared to be three different 
stages of microwave treatment it seemed logical to use three treatment times based on these three steps 
to investigate the changes in concrete when heated with microwaves.  
 
Figure 3.7. Typical absorption curve for microwave exposed concrete showing initial water related 
absorption peak and final plasma related absorption peak 
 
The three treatment times designated as short, medium and long microwave treatment were exposures 
of 15, 30 and 50 seconds duration respectively. Given the importance of water content for concrete’s 
dielectric properties [3.4] it is logical to assume that the initial absorption peak seen in microwave 
treatment is associated with the heating and evaporation of the major fraction of water within the 
sample. Given the semi-conductor nature of silicates one might assume the peak observed in 
absorption at the end of a long treatment is due to some component becoming hot enough to contribute 
a magnetic component to the dielectric heating and causing thermal runaway. This absorption peak 
was accompanied by the release of a significant amount of light and noise. It is assumed that this peak 
in microwave absorption is due to the formation of plasma, which absorbs microwaves very efficiently 
due to the presence of free ions [3.5]. 
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Keeping in mind that extensive damage to the aggregate phase is not desirable for recycling purposes 
not all long treated samples were treated for the full 50 seconds. Samples that had formed plasma 
under heating often had marks suggestive of melting or burning (Figure 3.8). As soon as plasma 
formation was observed the treatment was stopped. This is reflected in the values quoted for average 
energy absorbed. 
 
 
Figure 3.8. Long microwave treated cubic sample showing colour changes indicative of elevated 
temperatures; red (300°C) and white (600°C) as well as black melting/ burning 
 
The first set of treated cubic samples changed colour, red and white indicating some parts of the 
concrete had exceeded 300°C and others as had been heated to as much as 600°C [3.6]. It is unknown 
what temperature is required for the samples to turn black. The cylindrical samples were larger and the 
formation of plasma was both anticipated and largely prevented so they experienced less of these 
extreme exposures than the cubic samples and thus were more representative of the temperature range 
of interest. 
 
Immediately following microwave treatment the surface temperature of concrete samples S1-S5 were 
measured with a Jules Richards Instruments Flashpoint FX400 infrared thermometer. Each sample 
was measured three times, one for each flat face and once on the curved face. For each sample the 
highest of these values was chosen. For each combination of concrete mix and treatment the highest 
measured surface temperature of each of the ten uncut samples was noted. The mean of these ten 
values was the quoted treatment temperature. Cut samples were also measured a fourth time on the cut 
surface but these measurements were not used to calculate the typical treatment temperature. 
 
The highest temperature for each sample was taken for two reasons. The first is that these showed a 
smaller variation between samples than the mean measured temperature. The second is that surface 
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temperature was measured after samples had been treated and removed from the waveguide. Despite 
taking all possible care it was not possible to measure the temperature of each sample surface with 
consistent swiftness. The most consistent measurement was always the highest temperature which was 
usually the first measurement. By taking the hottest temperature rather than the first measurement the 
temperature noted for samples that had experienced unusually high temperatures away from the first 
face measured would be closer to that experienced by the sample. 
 
3.2.2 Oven heating 
Oven treatment temperatures were chosen to reflect the temperatures achieved by the three microwave 
treatments. The colour change seen in cubic samples after microwave treatment suggested the 
approximate temperature range experienced by the samples was from 300°C to over 600°C. However 
as quartz has already changed phase at 600°C [3.7], damage to the aggregate phase was undesirable 
and more care was to be taken with the microwave treatment of the cylindrical samples the three 
treatment temperatures chosen were 300, 400 and 500°C. Indeed thermogravimetric analysis (see 
section 3.3.1.2) suggested the highest average temperature experienced by microwave treated samples 
was closer to 500°C. 
 
Oven treated samples were heated to elevated temperatures at an approximate rate of 10°C per minute, 
held at the treatment temperature for four hours and then allowed to cool within the closed furnace. 
Cooling times were up to 24 hours from 500°C. Due to the relatively slow heating and cooling rates all 
material changes in oven treated concrete samples are assumed to be due to the final temperature 
reached rather than a thermal gradient or thermal shock, so they were expected to provide a point of 
contrast for the samples heated much more rapidly using microwaves.  
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 Concrete characterisation 3.3
Concrete’s complexity necessitates a variety of characterisation techniques. Initially the methods used 
were macroscopic but as these provided little explanatory power the methods became more localised. 
Local observation eventually became the entire focus for this work. 
3.3.1 Macroscopic measures 
3.3.1.1 Hopkinson bar vertical impact load cell 
To track how heating changed the concrete samples mechanically, the samples were fractured on a 
Hopkinson bar vertical impact load cell (HPB) (Figure 3.9). The HPB is a sensitive instrument with a 
number of key advantages. It is capable of measuring multiple mechanical properties; strength, 
stiffness and toughness, simultaneously [3.8]. By repeating the test on a number of individual samples 
this HPB testing allows a statistical analysis of the variation of those properties. It also provides a 
method for breaking samples with a controlled impact energy input. As the concrete samples are 
broken with the same amount of energy this allows meaningful comparisons of the size distribution of 
their fragments. 
 
By measuring the force and energy on a particle under a single impact it is possible to make a direct 
quantitative measure of the properties of the material being tested. Work index, a common value used 
to measure the embrittlement of a material is not a direct measure but very much dependant on the 
measurement parameters, or comminution environment used [3.9]. 
 
The Hopkinson bar used in these tests was constructed from oil quenched and tempered medium 
carbon steel from Aubert & Duval. The Wheatstone bridge was constructed from SS-080-050-120P 
bar strain gauges from Micron Instruments. The striker is held by a pneumatic clamp. Two different 
Hopkinson bars were used, one 19mm in diameter the other 39mm. To counter the effects of work 
hardening of the struck surface, the Hopkinson bar is topped with a removable length of steel referred 
to as the anvil. The interface between the HPB and anvil is lubricated to transfer the compression wave 
unaltered from one to the other. The strikers are ball bearing balls made from AISI 52100 chrome steel 
sourced from CIMAP. The signal from the strain gauges is amplified by the MGCplus from HBM and 
then processed by an M2i.4640-Exp data acquisition card from Spectrum. The software used in 
conjunction with the data acquisition card is SBench6. This allows the data to be converted into 
universal format. Part of SBench6 includes a buffer and trigger system that removes the necessity of 
an external, physical triggering system to begin data recording. 
 
The steel used for the bar closely resembled AISI 4140 chemically (Table 3.3) and the 845°C quench, 
540°C temper [3.10] of AISI 4140 resembles the 850°C quench, 550°C temper used to make the steel 
of the Hopkinson bar.  
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Figure 3.9. Hopkinson bar 
 
The HPB was calibrated using 50 impacts of varying height and striker mass. The properties of the bar 
determined in this way are shown in Table 3.4; the relative uncertainty is plus or minus 2 standard 
deviations (95% confidence interval). The material properties of the bar and strikers are shown in 
Table 3.5 and Table 3.6. 
 
Pneumatic clamp 
Striker 
Strain gauges 
Fragment 
collection cup 
Anvil 
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Table 3.3. Hopkinson bar steel chemical composition (%) 
 C Si Mn S P Ni Cr Mo Cu Fe 
HPB 0.417 0.25 0.85 <0.002 <0.009 0.12 1.04 0.18 <0.2 Complement 
AISI 
4140 
0.38-
0.43 
0.15-
0.3 
0.75-
1 
<0.04 <0.035  0.8-1.1 0.15-
0.25 
 Complement 
 
Table 3.4. Variation in bar characterisation data 
 Mean ± (%) 
Speed of sound (m/s) 5319 0.4 
Strain gauge position (mm) 1373 0.84 
 
Table 3.5. Characteristics of the Hopkinson bar 
Diameter 
(mm) 
Rod length 
(mm) 
Anvil length 
(mm) 
Anvil 
mass (g) 
Density 
(kg m-3) 
Poisson’s 
ratio 
19.6 1450.0 50.25 115.29 7604.2 0.29 
39.0 1450.0 50.20 473.61 7604.2 0.29 
 
Table 3.6. Characteristics of steel strikers 
Ball diameter 
(mm) ± (μm)* 
Ball mass 
(g) ± (g) 
Ball density 
(kg m-3) ± (%) 
Modulus 
(GPa) 
Poisson’s 
ratio 
20 25.4 32.64 0.01 7792.2 0.03 210 0.3 
40 25.4 260.16 0.07 7763.6 0.03 210 0.3 
60 25.4 882.15 0.1 7780.0 0.01 210 0.3 
*Diameter tolerance as supplied by manufacturer. Manual check confirms better than ±0.1mm 
 
With all the physical and mechanical properties of the system the comparison of the force-time curve 
of an impact directly on the anvil with what is predicted under Hertzian impact [3.11] (Figure 3.10) 
allows the calculation of the bridge factor (Table 3.7), which is again presented with an uncertainty of 
2 standard deviations. 
 
Table 3.7. Summary of bridge factor variation 
 Mean (N V-1) ± (%) 
Bridge factor 3126.3 5.2 
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Figure 3.10. Calibration impact signal using 40mm bar, 60mm striker, 10mm drop showing a near 
perfect match of measured and predicted signals. Measured signal was made using the calculated 
bridge factor 
 
Given the resemblance of the curves in Figure 3.10 and that the physics of the HPB are well 
understood any measurement made up to the first reflection, ~500µs can be assumed to be precise to 
±~5% due to uncertainty in the bridge factor. 
 
Figure 3.11 shows a typical impact force/ time curve for a cubic sample with the point of fracture 
highlighted. As this occurs well before the first reflection at 500µs all measurements based on this 
point; fracture force, fracture energy, strength will closely match the reality of the material. As the 
impact signal is quite long the measurement of total energy absorbed by the particle requires a 
deconvoluted signal which is reliant on the reflection coefficient at each end of the rod (Table 3.8). 
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Figure 3.11. Impact signal for untreated cubic sample struck by 40mm striker from a height of 100mm 
showing the point of fracture 
 
 
Table 3.8. Reflection coefficient 
  Mean Standard deviation Relative standard deviation 
Reflected fraction top 0.88 0.044 5% 
Reflected fraction bottom 0.99 0.0054 1% 
 
Each time the compression wave is able to interfere with itself it has been reflected by both ends of the 
rod of the HPB. At a confidence interval of 2 standard deviations means the uncertainty of the force 
measured after reflection is ±5% for the measurement and ±10% due to reflection so ~±15%. As 
approximately half the signal, at least for the example above, occurs after the signal has been reflected 
the uncertainty for total energy absorbed by the particle can be taken as approximately ±10%, ±12% 
including the strain gauge position. Therefore the uncertainty on the measure of total energy absorbed 
by a particle is quite large but while such a measure is useful, particularly as the particles being tested 
become more damaged and thus behave less like brittle-elastic particles, it is not as important as the 
force and energy required for fracture which dictates the energy required for comminution purposes. 
 
3.3.1.1 Internal sample reflection 
Deconvolution has been used by previous authors [3.12] with success and was also used here. 
However many impact signals samples showed force/ time curves with unexpected deviations (Figure 
3.12). Many of these inconsistencies can be explained by the hypothesis that they are due to the 
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formation and internal reflection of compression waves within the sample itself. These reflections 
actually allow an alternative method to measure the embrittlement of the tested material using the 
speed of sound of the material. In addition this method is independent of the calibration of the HPB 
because it is based only the size of the sample and the time period between reflections. 
 
Figure 3.12. HPB impact signal for untreated S2 concrete sample showing recurring impact signal 
abnormalities 
 
Assuming the pertubations of the signal are related to reflections of compressive waves within samples 
their periods can be used to measure the average speed of sound as the distance travelled by the 
compression wave is known. As the speed of sound in a material is related to its stiffness this 
technique provides an additional way to measure embrittlement. This effect is not usually seen in 
Hopkinson bar tests as they are usually performed on spherical or near-spherical particles. 
Occasionally this pattern was not observed. It is assumed that these samples were weakened to the 
point that they could not maintain a coherent internal wave or fractured too quickly for the 
perturbations to be visible.  
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To identify the phenomenon outside of concrete tests and determine its sensitivity to experimental 
parameters a series of tests were performed with homogeneous cylinders of polyvinyl chloride (PVC) 
and aluminium. Steel was also used but the perturbations could not be identified in low energy impacts 
and in higher energy impacts the voltage exceeded the capacity of the data acquisition card, 10V so the 
timing of peaks could only be estimated (Figure 3.13).  
 
 
Figure 3.13. Impact signal for steel cylinder showing pertubations in the signal. Flat sections of the 
curve due to voltage exceeded hardware specifications 
 
Impact tests were made using both the 60 mm and 20 mm striker from heights between 10 mm and 
200 mm and each impact condition was repeated three times. The impact signals showed a relationship 
between the impact energy and the measurement of the speed of sound. This effect was more 
pronounced in PVC than aluminium (See Table 3.9 and Figure 3.14). The measurement was also 
influenced by which reflection was used (Figure 3.15), that is to say the first, second or third wave 
couplet. The values quoted in Table 3.9 for the speed of sound in each rod were calculated using the 
first pair of reflections. 
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It is interesting that measured values for speed of sound using this method are significantly different 
from quoted values for such materials and that there is a significant relationship between the 
experimental parameters and the measured value, as speed of sound is considered a material property. 
It is unclear whether this is due to dynamic changes in stiffness, viscoelasticity, a disconnect between 
sample and anvil due to elasticity or some other phenomenon. In the author’s opinion it is related to 
the diameter/ length ratio of the samples, possibly the ratio’s relation to the natural frequency of an 
object, that is to say the perturbations may not due to internal compression waves but the free vibration 
of an elastic body. In the samples tested the diameter/ length ratio was approximately equal to one, 
significantly less than the recommended minimum of three times the diameter for the placement of 
strain gauges on an HPB [3.12]. 
 
 
Figure 3.14. Impact signals from aluminium and PVC cylinders showing evidence of the internal 
reflection of compression waves  
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Table 3.9. Speed of sound under impact in short rods 
Material Striker (mm) Drop (mm) Speed of sound (m s-1) Range (m s-1) 
PVC 60 200 707 10 
PVC 60 100 658 13 
PVC 60 50 581 1 
PVC 60 30 511 18 
PVC 60 10 408 18 
PVC 20 200 584 7 
PVC 20 100 501 11 
PVC 20 40 410 31 
PVC 20 30 350 2 
PVC 20 20 356 8 
PVC 20 10 317 6 
Aluminium 60 50 1116 16 
Aluminium 60 40 1087 44 
Aluminium 60 30 1045 80 
Aluminium 60 10 655 6 
Aluminium 20 200 917 49 
Aluminium 20 100 809 34 
Aluminium 20 50 704 33 
Aluminium 20 20 554 19 
Aluminium 20 10 469 3 
Steel 60 50 1860 35 
 
The effect of impact energy on the measurements of the stiffer aluminium is relatively small. As the 
speed of sound changed by less than 7% when the impact energy was increased by more than 60% and 
the impact energy is kept constant between concrete tests the dependence of speed of sound measured 
in this way and impact energy can be ignored. 
 
While the fact of the phenomenon is undeniable the actual values calculated with this technique are 
significantly different from what are considered accepted values for the materials in question so must 
be regarded with suspicion. For this reason the results are only used comparatively, to measure relative 
changes in the concrete samples and this shows results very consistent with the embrittlement of 
concrete samples (see Chapter 5).  
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Figure 3.15. Speed of sound measured in cylinders of PVC and aluminium relative to the wave multiple 
used and using different impact energies. This shows how speed of sound measured in this way varies 
with the impact energy and how the apparent speed of sound increases with each internal reflection 
 
While a technique for tracking sample embrittlement independent of the characterisation and 
calibration of the rod is useful, the signal pertubation effect can make it difficult to identify the point 
of fracture therefore reducing the precision of the measurement of force. Untreated cubic samples had 
measured impact strengths of approximately 5 MPa. This is very similar to the 4 MPa impact strength 
of normal strength concrete [3.13]. Regarding the example in Figure 3.12 by the time the sample 
fractures, ~170μs the size of the fluctuations in the force signal are in the range of tens of Newtons, 
less than 2% of the force measured. Also, if the point of fracture is not clear then it can be identified 
by where signal fluctuations stop, indicating the sample is broken so can no longer maintain the 
reflection, vibration or the sample is no longer in contact with the anvil. As the uncertainty due to this 
effect will be small for most materials and the relative changes in fracture strength are more important 
than the actual fracture strength this effect can be ignored.  
 
This signal perturbation phenomenon is an interesting observation and merits further investigation. For 
the moment as the spacing between the peaks of these perturbations is so regular and the trend of the 
timing of these peaks with heat treatment is so consistent with what would be expected of a 
progressively embrittled material (Figure 3.16) undergoing stiffness testing, it is assumed to be a 
measure of mechanical stiffness. 
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Figure 3.16. Stiffness of concretes measured under the assumption that the periods of impact signal 
perturbations are relative to the stiffness of materials tested showing decreasing stiffness with 
treated as would be expected. All values shown relative to the highest stiffness value measured. 
 
3.3.1.2 Mercury intrusion porosimetry 
Mercury intrusion porosimetry (MIP) is a well established technique for the measurement of pore 
networks in porous materials that has been used many times to characterise cement based materials 
[3.14] [3.15] [3.16]. It is based on the effects of pressure on a non-wetting fluid and is used to measure 
not just the volume of pores in a material but also the size of those pores. 
 
Samples were prepared for mercury intrusion porosimetry (MIP) in the same way as for Hopkinson 
bar impact testing. A Micromeritics Autopore IV was used to perform a standard intrusion up to 400 
MPa. Cement based materials are usually dried before undergoing MIP testing. Oven drying is very 
common despite being one of the most damaging of cement drying techniques [3.17]. Damage that 
could lead to changes in the pore work was to be avoided so that the effects of heat treatment, which 
likely share similarities with the effects of drying, could be identified. For this reason samples in this 
work were not dried before MIP which may lead to an underestimate of sample porosity, especially in 
those samples that were not heat treated.  
 
Before the first samples had been furnace heat treated a number of microwave treated samples were 
investigated using MIP and compared to other work on heat induced changes to cement based 
materials (Figure 3.17). While the largest pore range in these published values is 1000-7500nm they 
do show that above 500°C there is a large increase in porosity, possibly related to the breakdown of 
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portlandite [3.18]. This jump was not seen in the initial microwave treated samples.  As previous 
microwave beneficiation [3.19] of concrete did not mention the same colour changes observed in this 
initial work it was assumed that aggregate liberation could be achieved without the mechanism 
responsible for the increase in porosity observed in cement above 500°C, reinforcing the validity of 
the oven treatment temperatures chosen.  
 
 
Figure 3.17. Initial investigations of concrete samples with MIP compared to published values for 
cement showing increased volume of large pores in concrete samples and increased growth of large 
pores with microwave treatment. The cement treated samples were oven treated and come from 
Piasta, 1984 [3.20] 
 
MIP is a good technique for identifying whether there are significant changes in the porosity of a 
material. For example Figure 3.17 identifies a progressive increase in porosity of both cement samples 
with conventional heating and concrete samples with microwave heating. The largest change in the 
porosity of concrete samples is the increase in larger pores, above 1000nm. In this figure MIP also 
identifies what scale is most likely worthy of further investigation. What this technique does not show 
is the nature of those changes and what causes them. It is unclear whether existing pores become wider 
with treatment, whether small pores agglomerate or if the material is being continually fractured. This 
requires a more localised and direct technique and MIP results indicate the technique should 
investigate changes at a scale above 1 μm.  
 
MIP can show whether or not a change has occurred in concrete but it has been identified as an 
inappropriate technique for the investigation of the microstructure of cement based materials. Due to 
the convoluted nature of cement pore networks and how they constantly change diameter, MIP 
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regularly underestimates the size of cement pores by orders of magnitude [3.21]. As the maximum 
pressure used is 400 MPa, meaning that mercury can enter pores as small as 3 nm, the measurement of 
total porosity is deemed accurate [3.22]. This can be confirmed with helium pycnometry (see Table 
3.10). In any case this just reinforces the conclusion made from the MIP results, more direct micro 
scale investigation technique is required to describe the changes taking place in concrete under 
microwave exposure. 
 
3.3.1.1 Pycnometry 
Helium pycnometry (HP) was used to measure the density of samples. This technique was only used 
on the first set of samples, the cubes from BRGM and some cement samples. The intrusion rate and 
instrument used were 0.03 Pa/min and the AccuPyc1330 from Micromeritics respectively. Results are 
in Table 3.10. 
 
Table 3.10. Comparison of density measured with pycnometry and MIP 
Sample Density by HP (g ml-1) Density by MIP (g ml-1) 
Concrete 2.51- 2.64 2.36-2.47 
 
As the density by HP is only 5% higher than that measured by MIP and MIP measurement is probably 
an underestimation due to the presence of water, the total porosity measured using MIP is deemd 
accurate even if the pore size distribution is not. 
 
3.3.1.2 Thermogravimetric analysis 
A measure of temperature stability using Thermogravimetic analysis (TGA) can be used to determine 
the phases present in a material and track its temperature history. In this case TGA was performed 
using a TA Instruments Q600 thermal analyzer. Samples were prepared in the same way as for 
Hopkinson bar impact testing then were crushed by hand with an alumina mortar and pestle. The test 
used was a simple ramp to 1000°C at a rate of 10°C per minute. TGA was used in an attempt to 
identify changes in the phases present after heat treatment. Some early results are shown in Figure 
3.18. 
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Figure 3.18. Comparison of TGA tests of untreated and long microwave treated cement showing 
almost all variation occurs below 400°C 
 
Although there are significant differences observed between treated and untreated cement samples the 
vast majority of those differences are below 400°C, so the materials have not yet experienced 
decomposition of the CSH or portlandite phases [3.23] [3.6]. Figure 3.19 shows the TGA results with 
S1 concrete samples. Untreated and 300°C oven treated samples show very similar results while the 
other treatments are clustered. 
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Figure 3.19. Initial TGA tests with S1 concrete samples showing similarity of untreated samples and 
samples conventionally heated to 300°C and the similarity of all other samples to each other 
 
Figure 3.20 shows TGA results of S1 concrete, the same results as those shown in Figure 3.19, except 
normalised to 270°C so as to minimise the effect of water reabsorption on the results. In this case 
untreated, 300°C oven treated samples and short microwave treated samples are practically 
indistinguishable. The samples treated to 400°C and medium microwave treated samples show some 
minor differences, almost all below 400°C on the TGA mass loss curve. The most distinct curve in this 
set is the long treated sample. The distinctive increase in mass loss that occurs at ~420°C for all other 
samples seems to occur at 370°C for long treated concrete. This is indicative of significant changes in 
cement phases in long treated concretes. Also as the relative mass curve crosses the 500°C curve, this 
may also be an indication of unequal heating through the microwave treated sample.  
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Figure 3.20. TGA tests with S1 concrete samples normalised to 270°C showing similarity of samples 
conventionally heated to 300°C and untreated samples and the progressive change in other samples 
and the mass loss at low temperature of long microwave treated samples 
 
The phase changes that occur in cement are often at least partially reversible and cement re-absorbs 
water after drying so it is difficult to make definitive measures using TGA. Also although the TGA 
results are suggestive of unequal heating in concrete exposed to microwaves it can give no information 
about where in the sample heat evolved more or less quickly so the results can not lead to useful 
speculation of the mechanisms responsible. If as expected microwave heating is inconsistent within 
samples and thus produces localised effects a localised investigation technique is required to identify 
the phenomenon and begin to gather data to enable speculation on the origins of those effects.  
 
3.3.1.1 X-ray diffraction 
X-ray diffraction (XRD) was used to identify if and what phases are formed or break down under 
microwave heating. XRD is not a localised observation technique; instead it measures the properties of 
a sample as a whole. The results from initial samples can be seen in Figure 3.21. While XRD was able 
to identify what appeared to be significant changes after long microwave treatment, ~350° this was 
only observed in long treated material and so would not be relevant to explaining the liberation 
achieved after short treatment. For this reason and that the decomposition of cement phases which is 
already quite well documented (See Chapter 2) XRD was not used more extensively in this work.  
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Figure 3.21. XRD results for S1 samples showing a distinct peak in long treated samples 
 
3.3.1.2 Fragment size analysis and physical liberation 
Given that concrete samples are already being broken under controlled conditions it is a simple step to 
make an additional measure of the embrittlement by measuring the size of the fragments after impact 
fracture. This is especially useful as the measure of total energy absorbed by a particle, which would 
normally add an extra layer of subtlety to the HPB measurement identifying subtle differences that can 
be obscured when the impact energy is significantly greater than a sample’s fracture energy, is 
unreliable (see section 3.3.1.1). It is also the first step to measuring the quantity of aggregate particles 
liberated by the combination of heat treatment and impact fracture.  
 
There are a number of ways to measure the liberation of particles. Density based methods such as a jig 
have the advantage of being non-destructive but have difficulty separating materials of similar 
densities. Hand sorting is also non-destructive but is slow, especially when considering thousands of 
particles less than 3mm in size and results can be affected by subjectivity. Selective dissolution is 
relatively fast, non-subjective, accurate and precise as the concrete was made with siliceous aggregates 
which are non-reactive. Hydrochloric acid (HCl) was used to dissolve the cement which allowed pure 
aggregate particles to be recovered by filtering with filter paper. Of the four key phases of cement (see 
Chapter 2) the most susceptible to acid is portlandite (CH) and the least is the CSH phase, though even 
when all cement phases are dissolved silica residue will often still remain [3.24] (Figure 3.22).  
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The size of the particle sieves used were 0.8, 1, 1.4, 1.6, 1.8, 2.0, 2.24, 2.5, 2.8, 5, 7.1 and 11.2 mm 
which as near as possible followed the 20.5 progression recommended by Kiss and Schönert [3.25]. 
Filtering the total mass of fragments of the ten samples tested on the HPB gave the mass fraction of 
fragments in each size fraction. The physical liberation of aggregate particles was measured by taking 
each fragment size class individually, dissolving the cement and repeating the size analysis on the 
aggregate particles that were left. Physical liberation is defined as the mass of aggregate particles that 
are in the same size class as the fragment size class being investigated divided by the total mass of 
aggregate in that fragment size class.  
 
The first set of cubic examples was dissolved in 2M HCl using 25ml of acid per gram of fragments. If 
this was insufficient after an hour the solution was filtered and more acid added to the remaining 
fragments. For the second set of cylindrical samples, S1-S5, whose fragments were significantly larger 
a 4M HCl solution was used. Aggregate particles were found to suffer no detectable levels of 
dissolution even after being placed in a 37% HCl solution, so a stronger solution was not avoided in 
fear of altering the results. A certain volume of liquid was required to immerse the samples and if an 
insufficient volume of solution was used a gel, assumed to be silica gel, would form and increase the 
amount of time required for filters to dry from approximately 24 hours to approximately 96 hours. 
 
 
Figure 3.22. Concrete aggregate particles after acid dissolution on filter paper showing visible silica 
residue  
 
3.3.2 Microscopic analysis 
3.3.2.1 Electron microscope image analysis 
It is believed that the key advantage of microwave heating comminution of multi-phase materials is 
that the heating rate is different for each component which creates additional thermal gradients, 
therefore stresses and embrittlement. As the different individual components are important for stress 
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formation an investigation of embrittlement should use a technique that can differentiate between 
components. 
 
Image analysis is a quantitative measure of visual properties which can distinguish between different 
components and objects of interest so as to measure their individual sizes and the relative fraction of 
each. From this it can be inferred how their positions in space interact to generate thermally induced 
embrittlement of the material. Indeed, the influence of aggregate particles on cement phase formation 
and porosity was identified using image analysis techniques [3.26] [3.27]. 
 
For every set of experimental variables; w/c, a/c and heat treatment, one concrete sample was cut to 
expose a flat cross-section before treatment. The cut surfaces of samples were observed using a 
Hitachi TM3000 SEM set to an acceleration voltage of 15kV. The surface was not treated in any way 
after the microwave or furnace heat treatment. Two magnifications were chosen for this analysis; 200 
and 40 which correspond to a resolution of 1.8μm per pixel and 9μm per pixel respectively.  
 
The choice of magnification is a compromise between representivity and detail. Recall that the vast 
majority of pores in concrete found with MIP were above 1µm in diameter (section 3.3.1.2). This 
would suggest the upper magnification limit to produce useful samples is approximately 400 which 
would produce images at a resolution of 0.9μm per pixel. Upon cursory inspection aggregate/ cement 
paste interface fracture seemed to exhibit significant variation within samples so a method with high 
representivity was desired to measure this property. The 9μm per pixel resolution is the largest 
resolution possible with the model of microscope used and allowed an entire sample surface to be 
observed in approximately 10 images (Figure 3.23).   
 
         
 
Figure 3.23. The collection of SEM images for image analysis; left, images sampled at 200 
magnification and right, images sampled at 40 magnification showing the near complete coverage 
of samples observed at 40 magnification 
19 mm 19 mm 
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Images at this resolution thus exhibit very high representivity but as a consequence show less detail. 
Smaller fractures can not be observed at all at this magnification and a lot of information on the 
fractures that can be observed, such as thickness and connectivity, is lost. Images taken at a 
magnification of 200 showed more detail. Indeed 40 magnification images estimated total fracture 
area 37% higher than 200 images. At magnifications above 200 the increased level was negligible 
(see Figure 3.24 and Figure 3.25). The magnification of 200, resolution of 1.8μm per pixel, was 
chosen as the best compromise between representivity, detail and magnification to the point of 
obscurity for the observation of smaller fractures. 
  
Figure 3.24. Illustration of the minor differences in detail at 2000 magnification; left, untreated S1 
and right long microwave treated S1. 
 
 
 
Figure 3.25. Long microwave treated S1 concrete showing increase in detail between images 
produced at 40 and 200 magnification 
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What is also shown in Figure 3.26 is that the greyscale histogram for the samples tested, at least at the 
scales that are of interest, is a continuous spectrum. This makes an automated process of image 
analysis both difficult and prone to misidentification of objects. Of particular worry was that some 
fractures would not be identified and therefore the connectivity of fractures would be underestimated 
(Figure 3.27). It is for these reasons that a manual highlighting technique was chosen and that choice 
is what marks this image analysis technique as unconventional. The device used was a Wacom DTU-
2231 interactive pen display. 
 
 
 
 
 
Figure 3.26. Illustration of the magnification necessary to create clear distinctions in the greyscale 
histogram of SEM images of concrete and the level of detail in those images. Standard intensity 
histogram for SEM images of untreated S1 concrete samples. Left: 400 magnification = 0.9 µm/pixel, 
right 2000 magnification = 0.2 µm/pixel.  
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Figure 3.27. Left, raw SEM image and right, same image after binarisation, erosion and dilation. 
Circles highlight two examples of lost detail that will case underestimation of fracture connectivity. 
 
As the magnification used for image analysis was not particularly high the same resolution could have 
been achieved with optical microscopy. When optical techniques were used it was found that 
distinguishing objects became even more difficult (Figure 3.28) so optical microscopy was abandoned 
in place of SEM. 
 
The use of a manual technique allowed similar objects to be distinguished while simultaneously 
allowing the classification of different types of fracture; at aggregate/ cement paste interface, in the 
cement bulk and in aggregate particles. Although changes identified in aggregate particles did not 
undergo significant analysis as they were rarely present in large quantities and a process that had 
caused significant damage to aggregate particles would reduce the recovery of useable aggregate 
particles. Such a result is outside the goal of a recycling process so the phenomenon is not of interest. 
 
  
Figure 3.28. High resolution optical image of coloured, long treated S1 concrete sample and its 
binarisation showing the increased level of lost information and falsely identified fractures 
 
There are a number of different techniques that can be used to increase the contrast of samples for 
image analysis. When using SEM samples are sometimes impregnated with a material that will exhibit 
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a very low greyscale intensity such as epoxy [3.28] or one that exhibits a very high greyscale intensity 
such as Wood’s metal [3.29]. Similar techniques with coloured epoxies are also used in optical 
microscopy. Metal impregnation requires impregnation under pressure which will face the same pore 
access problems as MIP. These issues can be largely overcome by increasing the pressure but the point 
at which these pressures will change the pore structure is unknown. Epoxy impregnation can be 
achieved either with high pressure or by using an intermediary such as ethanol [3.30] between water 
and epoxy. This replacement technique will still have a drying effect, though less than pure drying 
[3.30] and such a technique was attempted. There were two main issues with the results that prevented 
it being used beyond the trial stage. Firstly, due to the fragility of samples that had undergone 
extensive heat treatment and the increased level of handling required for epoxy impregnation, samples 
were often damaged, reducing the area of observable surface and thus their value for measurement 
purposes. Secondly when this technique was used the results showed almost no fracture in the cement 
phase. The exception was long treated samples which showed some very large cracks but no small 
cracks (Figure 3.29 and Figure 3.30).  Simply looking at samples seemed to put the lie to this 
observation (Figure 3.31). The existence of an extensive fracture network forming under heat 
treatment is strongly suggested by SEM (Figure 3.32) and MIP results. It appeared that epoxy 
impregnation was actually obfuscating the fracture network rather than highlighting it.  
 
 
  
Figure 3.29. Example of reverse lit thin sections of epoxy injected w/c 0.4 a/c 1.6 concrete samples. 
Left, untreated and right, long treated showing the low level of fracture detail visible in these types of 
images 
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Figure 3.30. Example of epoxy impregnated concrete w/c 0.4 a/c 0.6 concrete sections under SEM. 
Left, untreated and right, long treated showing the absence of small cracks and insignificant change 
in contrast compared to samples without impregnated epoxy 
 
  
Figure 3.31. Photo image of untreated and long microwave treated S1 concrete cut surface showing 
both the colour change and fracture growth resulting from heavy microwave treatment. Note the 
large black cavity symptomatic of plasma formation. 
 
  
Figure 3.32. Untreated and long treated S1 concrete cut surfaces under SEM showing the types of 
smaller fractures visible at this magnification 
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An automated image analysis protocol would have been faster and less subjective but it would have 
required impregnating the samples with metal or epoxy to greatly increase the contrast between 
porosity and material phases. The susceptibility of cement to the drying associated with such 
techniques has already been highlighted [3.30] and preliminary work suggested that these techniques 
obfuscated important results. Without a benign preparation technique a simple image analysis 
procedure that used the absolute minimum amount of sample preparation was chosen as preferable and 
this required a manual technique to distinguish objects of interest within the images. 
 
Images were highlighted using the three pure colours in the RGB colour system; red, green and blue, 
and the three binary combinations of those colours; yellow, purple and cyan (Figure 3.33). All other 
pixels were part of the greyscale range; they had the same level of red, green and blue, as they were 
not highlighted. The colours were used in the following manner: 
 Red: drawn over fractures at a cement/ aggregate interface 
 Green: drawn over fractures in the cement bulk 
 Blue: drawn over fractures in aggregate particles 
 Yellow: used at cement/ aggregate interface that has not visibly fractured 
 Cyan: drawn around areas to be ignored from analysis, for example if the sample 
edge was visible the area that did not represent part of the sample’s cut, flat surface 
was surrounded by cyan. 
 Purple: used on the edge of the image if it was an aggregate particle. This was found 
to be necessary so that the area of the image composed of aggregate (and therefore its 
inverse, cement) could be calculated 
 
 
Figure 3.33. Highlighted 40 zoom image of S2 medium microwave treated sample showing how 
different colours are used to highlight an image and identify important objects for quantification 
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Some objects could not be confidently identified as either from an aggregate or an air pocket. This is 
because some aggregate particles were removed from the surface during the treatment process. This 
could occur during cutting, microwave treatment or handling after heating.  Also, both air pockets and 
aggregates seemed to influence fracture growth in a similar manner. By taking untreated S1 as an 
example the analysis was repeated once with all such objects marked as aggregate (outlined in red) 
and another with all such objects marked so as to be ignored (outlined in cyan). The difference 
between the results of these two analyses was less than 10% of the total aggregate interface length. As 
all samples were made in the same manner, it can be assumed that the quantity of such large pores is 
common between samples and such a systematic error can be ignored in that it may bias the actual 
values but will not change the comparative analyses between samples nor the conclusions drawn from 
those analyses. 
 
Once samples were highlighted the total area of each fracture type and each phase, aggregate and 
cement could be calculated directly. For more complex measures the images needed to be 
skeletonised, a straightforward process with any image analysis software that reduces the thickness of 
all objects to one pixel. All such analyses for this work were performed in MATLAB. Skeletonised 
images could then be used to calculate the length of each fracture type and thus by extension the 
average width. The liberation of aggregate particles could also be measured in such a fashion, textural 
liberation (TL) defined as the fraction of the aggregate/ cement interface length with the length of 
visible fracture (lr): 

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Figure 3.34. Textural liberation of medium microwave treated S1 concrete at 40 magnification 
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By identifying a number of formations within images, skeletonised images could lend themselves to 
another level of analysis: 
 Nodes: every point at which a fracture branches into two or more fractures 
 Ends: every point at which a fracture stops 
 Branches: a length of fracture that has a node or end at each tip 
 Objects: every group of connected fracture branches 
 
This allows a number of different measures of connectivity and fracture growth. The key values of 
interest are branch per cement area and nodes per object. As an accepted value of connectivity Euler 
number, where ‘n,’ ‘e’ and ‘b’ are the number of nodes, ends and branches respectively: 
1 benE  (2) 
was also used but as the change with treatment is the most important value the difference between 
Euler number and nodes per object is negligible. A schematic showing the steps from raw image, to 
object identification and which measures can be taken at each step is shown are Figure 3.35.  
 
 
Figure 3.35. Image analysis schematic 
 
All image analysis characteristics were made using the sum of all images used for that analysis and 
quoted per cement area, or aggregate area depending on which is more appropriate. 
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When images were observed for the first time, there appeared to be two different types of fracture in 
the cement paste (Figure 3.36). The first were large fractures that appeared to initiate at the interface 
of aggregate particles and grow towards other particles. The second were smaller and could form 
independently within the cement paste. These two types of fracture were called primary and secondary 
network respectively. The key distinctions between the primary and secondary networks are size and 
spatial relation to aggregate. The secondary network also showed a tendency to branch in a more 
random and fractal matter.  
 
Analysis of these two networks required that they were each clearly defined. The definition chosen 
was that any fracture in the cement paste that was visibly, directly connected to an aggregate interface, 
including those along the interface, was part of the primary network. If that fracture branched then the 
largest branch was also part of the primary network (Figure 3.36). All other fractures were classified 
as part of the secondary network 
 
 
Figure 3.36. Illustration of network classification using S1 long treated concrete 
 
The fracture networks could not be defined by size because both networks and the primary network in 
particular changed size with heat treatment. A definition using relative size would also be 
inappropriate as it would presume a ratio of primary to secondary network and a cursory examination 
suggested very strongly that heavily treated samples contained significantly more secondary network 
fractures. If all connected branches were defined as primary network than a sufficiently fractured 
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sample would contain only primary network fractures, much like a sample that had been subjected to 
little or no treatment. The definition needed to separate the two networks so this was inappropriate. 
Taking just the largest and just one branch seemed logical and consistent with the primary network 
tendency to connect aggregate particles.  
 
While this definition was chosen in a slightly arbitrary matter the frequency of equally thick branches 
with a thickness greater than one pixel was low and a non-subjective definition was required for an 
analysis to take place. The value of these definitions is supported by how individual properties of each 
network change in a similar manner as other properties of the same network and that those changes 
can explain macro scale observations such as the physical liberation of aggregate particles (see 
Chapter 5). 
 
Part of the sample preparation for image analysis was that samples were cut before being heated in the 
furnace or microwave. This meant, especially for the microwave treated samples, that the observed 
fracture networks could be influenced by surface effects. It also meant the samples prepared for SEM 
image analysis would have less mass than those used in mechanical tests so would experience a higher 
power density during microwave treatment than those prepared for HPB testing. This was a necessary 
compromise as heat treatments could leave concrete samples extremely fragile and cutting such fragile 
samples often lead to the complete destruction of the samples. If not completely destroyed the samples 
were often damaged to the point that there was insufficient flat surface for observation purposes. To 
confirm the existence of fractures such as those seen on the cut surface through the entire volume of 
the tested samples some cut samples were also examined using X-ray tomography (section 3.3.2.1). 
 
3.3.2.1 X-ray tomography 
X-ray tomography (XRT) is based on the relative absorption of high energy electromagnetic radiation 
and has the advantage of being able to take measures of an object in three dimensions. In a similar 
manner to SEM, XRT images showed a low degree of contrast between components so automated 
analysis was not possible. Due to the quantity of information that is required to make such a 3D 
measurement of a sample a manual analysis technique is also not feasible. For this reason XRT was 
used in a purely qualitative sense to confirm the existence of a three dimensional fracture network 
(Figure 3.37). X-ray tomography was performed by Christophe Tenailleau and his team at the 
Universié Paul Sabatier – CIRIMAT, Toulouse using a GE Phoenix Nanotom 180. Images were 
generated using 1000ms per image at 140kV producing images with a resolution of 11μm per voxel. 
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Figure 3.37. XRT of long microwave treated concrete showing fracture growth throughout the entire 
concrete volume 
 
The resolution of the XRT images of concrete is not the smallest resolution achievable by XRT but it 
was limited by a combination of the capacity of the computer and the volume of the sample under 
investigation. As the use was purely qualitative the resolution of the images is not an important issue 
but in the future a more complete model of the growth of fracture networks in heat treated concrete 
could make good use of a 3D volumetric technique such as XRT. As the resolution of XRT technology 
continues to improve this is probably a worthwhile avenue for future investigation. 
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